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Preface

This study was conceived as a follow on project frsm
the work recently completed by Captain Nino G. Cerullo, CAF,
who graduated in June of 1979. As Captain Cerullo's Thesis
involved a comparison study between the Malvern Digital
Correlating Laser Velocimeter (LV) and the conventional Hot
Wire Anemometer System, it was decided to use this LV System
in a "real world" aéplication to obtain a further indication
of its performance. This study entailed employing the LV
System to determine the velocity profile across a 29.5 inch
duct through which passes air on its way to the face of a J-85
jet engine compressor. By employing this system the mean
velocity profile was obtained without either employing any
device which would obstruct the flow in the pipe or having
any requirement to "seed" the flow with particles which is an
inherent problem of some LV systems. In addition to the
mean velocity profiles, turbulence intensity profiles were
also derived and, for comparison purposes, to evaluate the
guality of the LV data, hot wire traverses and a pitot-static
traverse were made to give mean velocity and turbulence
intensity profiles.,

Throughout the initial planning, the performance and
the final completion of this study, a number of people were
instrumental in providing valuable assistance and a considerable
wealth of experience. To Dr. Harold Vright, my principal
advisor, Capt. (Dr.) George Catalano, Dr. William Elrod and

Dr. James Hitchcock, I would like to extend my sincere thanks
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for the extensive assistance provided throughout my work. I
would also like to thank Dr. Richard Rivir, Dr. Francis
Ostdiek and Mr. Norm Poti who, in addition to scheduling the
numerous engine test runs, on many occasions assisted me by
helping to obtain the data I required. Finally, to Mr. Carl
Short, Mr. Ron Ruley and Mr. Russell Murray of the AFIT
School Shops, I would like to voice my appreciation fcr the
excellent manner in which all the various apparatus required

for this study was constructed.
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! ABSTRACT

X

#

This thesis involves a practical application of the
Malvern Laser Velocimeter System (LV). In this work, the

LV was used to measure mean velocity profiles across the
inside diameter of a duct which supplies air to the compressor
of a jet engine. The engine, which is a General Electric
J-85 turbo-jet engine is located in the Propulsicon
Laboratories of Wright-Patterson Air Force Base in Ohio.

In addition to the mean velocity profiles, the LV was used

to measure turbulence intensity profiles across the inside
diameter of the duct at each of the three test points.

To analyse the quglity of the LV data as obtained, alternate
mean velocity profiles and turbulence intensity profiles were
obtained with the aid of a Hot Wire Anemometer System and

a Pitot-Static Tube.

During each of the traverses, or tests, with the LV
System, the Hot Wire System and the Pitot-Static Tube, the
engine was held at a fixed RPM, being 50% or 70% of
maximum engine RPM. Good correlation was achieved batween
each of the three systems in respect to the mean velocity
profiles obtained at each of the three test positions while

the turbulence intensity profiles matched well in the regions

of the fiow where turbulence levels of 2% to 30% were encountered.

}!%
|
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VELOCITY PROFILES IN A LONG INLET DUCT
EMPLOYING A PHOTON CORRELATING LASER
VELOCIMETER WITHOUT SEEDING

I. INTRODUCTION

To obtain an accurate measurement of flow properties in
a pipe, especially in the vicinity of the walls without affect-
ing the flow by a measuring device in the stream has been a
long sought after capability in the field of experimental
and related work. With the advent of Laser Velocimeter Systems
and especially the current Mélvern Laser Velocimeter, flow
velocities can now be measured without obstructing the flow.
In the case of the Malvern Lasér Velocimeter Systém, no
"seeding" or the introduction of artificial particles into
the airflow is normally required which previous LV systems
needed to function effectively, and it is expected that in
this flow field, this "no seeding" capability will hold true.
As there are many areas where such a system can be effectively
used, particularly in the area of Aeronautical Research, this

"real world" project was initiated to further evaluate the

quality of this system's data gathering capabilities.

Previous Work. During the past year (1978-79) Capt.

N. G. Cerullo completed a Masters' Thesis which involved the

H
LIP IO TSPV

use of a Malvern Laser Velocimeter System (See Reference 2).
In his application, the LV was used to determine air velocities

along both the "x" and "y" axes of a free air jet operating
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at velocities of M. = .4,

.6 and .8 at standard room

temperature. The data obtained was then compared both to.

data from a Hot Wire Anemometer system used under the same

conditions as well as comparison to established theory.

Comparing the iwo sets cof data, close correlation was in

evidence with respect to the mean velocity profiles but the

LV system was found to be partially ineffective in turbulent

flow. In addition to the work carried out by Capt. .Cerullo,

Capt. (Dr.) George Catalano and the author utilized the

equipment at the Flight Dynamics two foot wind tunael. 1In

this application, the Laser Velocimeter System was used to

measure air velocity and turbulence intensity around the upper

fuselage surface of a model of a KC-135 aircraft with ap

attached fairing. 1In this application, the Laser Velocimeter

System was operated in the back-scatter mode with both the

Photo Multiplier (PM) tube and the Laser being located on the

same side of the wind tunnel. Although some difficulty was

encountered in focusing and aligning the set-up, mean

velocity and turbulence intensity data was obtained for

various points in flow around the model of the attached fairing.

Present Study. As

and as a further test cf the Laser Velocimeter's capabilities,

it was decided to use the
a duct which supplies air
With the engine operating

engine RPM, the resulting

a follow on to the previous work,

LV system to study the airflow in
to the compressor of a jet engine.
at both 50% or 70% of maximum

air velocities thnrough the test
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section were in the order of 50 to 100 fi/sec. The objectives
of this study were as follows:

1. Using the Laser Velocimeter, obtain and plot
mean velocity and turbulence intensity profiles
across the test section at each of the three
designated points in the flow, for comparison
with the Hot Wire and Pitot-static data.

2. Using the Pitot-static Tube, obtain and plot a
mean velocity profile at a single location in the
flow,

3. Using thé Hot Wire Pnemometer System, obtain and
plot a mean velocity and turbulence intensity
profile across the test section at each of the

three designated points in the flow.

Scope. This paper will deal with the objectives as
listed above and will also include an extensive operational
description of the Malvern Laser Velocimeter System. In
addition, any problem areas, inherent to this LV System,
will be described as well as any possible solutions to

these problems.
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II. TEST APPARATUS

The apparatus used consisted primarily of the J-8F
test cell located in the Air Force Aero-Propulsion
Laboratory at Wright-Patterson Air Force Base. Other than
a smaller turbine inlet area and the existence of various
probes and pressure sensing devices, the GE J-85 engine is
essentially a stock engine with very few modifications.,

The engine is located inside a pressure chamber which, if
required, can simulate high altitude conditions for the
engine.

Ahead of the engine is a parabolic inlet bell mouth
extending from the 16.09 inch inside diameter of the
compressor face out to the 29.5 inch inside diame:er of the
air supply duct or "white Pipe" as it is termed in this
report. The White Pipe is a 33.7 ft. long duct which supplies
air from a large filter box assembly to the compressor and
is as illustrated in Figure 1. The White Pipe contains three
special sections. The first is a section of pipe that is
65 inches in length and contains a conical venturi with no
by-pass as illustrated in Figures 2 and 3. The purpose for
placing this venturi in the flow is to alléw metering of
the flow. The second section is 17 inches lorg and contains
several types of screens and flow conditioners to prepare the
flow for the compressor by reducing the boundary layer thickness
and reducing the effect of any upstream flow disturbances on

the velocity profile. The third section is the test section
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which is 30 inches long and is capable of being moved
varicus other locations along the length of the White Pipe

to allow flow conditions to be investigated at other stations.
Thirty-three point seven feet from the compressor face there

is a bell mouth inlet which expands from an inside diameter of
the pipe of 29.5 inches to 59.5 inches in a circular arc.
Upstream of this bell mouth is a large filter box with all but
one of its six walls eontaining filter sections. The dimensions
of the filter box are: 65 inches x 80.5 inches x 85 inches.
Figure 1 pictorially illustrates the White Pipe and indicates
the position of the filter box for a more complete understanding
of the layout.

In order to do the traverses across the inside diameter
of the White Pipe at a height of 5 feet 10 inches off the floor,
a system was designed which incorporated two diametrically
opposing windows in the walls of the test section as well as
a traversing table. The windows, which were made of an
optical grade of glass, were installed so as to allow the laser
velocimeter system to “'see" the air flow in the pipe. The
traversing table was employed to support the laser tube,

Fhase Modulator and PM Tube a% the same height as the windows.
The final design whiéh was built is as illustrated in Figure 4.
Once secured onto the traversing mechanism, the laser and
photo multiplier tube could be set to give readings at

any point, along the horizontal diameter of the pipe between

the two windows. Follcwing each reading, the entire rail
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holding this equipment cculd then be moved back and forth
to allow readings to be taken at other points in the flow.
This traversing capability overcame the necessity of

having to re-focus the photo multiplier tube on the
intersection of the two laser beams each time a movement to
another point in the flow was made.

With respect to the Pitot-static system, a pitot-
static probe and traversing mechanism was placed at a point
25.5 feet ahead of the compressor face. This combination
probe and traversing mechanism was capable. of measuring
pitot and static pressures from within 2.82 inches from one
wall to a point 18 inches from the same wall-or a total
travel of 15.18 inches.

The Hot Wire Anemometer system consisted of a hot
wire probe held in the plane of the flow, pointing in an
upstream direction. The probe was held in place by a
traversing mechanism which was designed to allow the probe
to travel from one wall to within 4.1 inches cf the other
wall for a total travel of 25.4 inches. The traversing
mechanism itself, was held in place by blanking plates,
which were designed to fit into the spaces where the windows
for the LV sy;tem were placed, in the test section. By
designing the Hot Wire System to be used in the test section,
it had the capability of being placed at the same three
locations in the flow where the LV data was taken which

allowed good comparison of results.

10
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III. INSTRUMENTATION

The three principal groups of equipment which were

employed in this study were the Laser Velocimeter System,

the Hot Wire Anemometer System and the Pitot-static System.

Of these three grouwps, the most complex system to use was

the LV assembly. The component parts of each of the three

assemblies are as follows, with pictorial representation

included:

-

A. Laser Velocimeter

1.

Laser -~ the laser employed in this system is

a 15 milliwatt helium-neon laser, model 124A
produced by Spectra Physics. Incorporated

into the laser is a Model 255 DC exciter and
together they produce a single laser beam of
1.1 millimeters (.001lm) in diameter. Visually,
this beam appears as a single well defined

red beam of light.

Beamsplitter - This is the Malvern RF307
transmitter beamsplitter and polarization

unit which is used to produce two beams

from the single input laser beam. These beams
are both 1.1 mm in diameter and can be spaced
up to 20 mm apart. The beamsplitter has two
controls, one of which controls the intersection

point of the two beams from a point 15 cms

11
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in front of the beam splitter to a point several
meters away. The other control is used to- vary
the distance that the two beams are apart when
they emerge from the beam splitter.
Phase-Modulator Unit - As the basic Laser
Velocimeter System is not capable of sensing
flow directions and has signal processing
difficulties when trying to measure velocities
in high speed flow or highly tnxbulent flow,
the Malvern K-9023 Phase Modulator with two
crystals can be incorporated into the system
if required. As the laser beams must enter
the unit parallel to one another, a focusing
lense is also required whenever this unit is
used. Th= focal length of the lense will be
determined by the physical distance from the
Phase Modulator unit to the point where the
measurements are to be made. To determine

the exact frequency shift produced by the
Phase Modulator drive unit when in operation,
a Hewlett-Packard 5325B Universal Counter

is used.

Photo-Multiplier Tube - The Photo Multipl_er
(PM) Tube is an EMI 9863 model KE/100 unit
supplied by Malvern Instruments. Mounted on
the front of the PM tube is either a 200 mm

telephoto lense or a 105 mm lense which is

12




used to focus the scattered light from the laser
beam intersection point onto the aperture of
the lense and subsequently onto the pinhole

of the PM tube. Powering the PM tube is the
EMI power supply unit which provides a

constant 1850 volts to the cathode of the PM
tube during its operation.

Digital Correlator - The type K7023 Unit
consists of a digital correlator and a storage
unit. It is capable of accepting continuous
output from the PM tube, storing it, processing
it and updating it while continually reproducing
the information on an oscilloscope for data
evaluation. At any time, the output can be
halted while the correlator continues to accept
information from the PM tube and update its
storage unit. With the output halted, the
oscilloscope provides an easy method for
determining maximum and minimum values of the
signal which is required for velocity and
turbulence intensity determination.
Oscilloscope - The oscilloscope used in
conjunction with the é&igital correlator is a
Tektronics scope which gives a pictorial
representation of channel cocntent in addition

to maximum and minimum values.

Figures 5, 6, 7 and 8 give both a diagramatic and pictorial

view of the component parts of the Laser Velocimeter System.

13

Bt sl Do

(Y1)

Lt b

[ERFLTN

EPRTART]

sl ah



|
wusTueyosy bursieaeal oqny ISTTdT3ITNN-03OUd Pue Iase] g aanbtg M
|

wus TURYOaW

buTsasael], M
\ pue3s m
\ m%E.bHEP.

\\
youag Teo13d0 M
.AMMm-mmmmmW £ddn 2 "A

SMOPUTM £

\:lllll
STTeY

3xoddng jusudrtnbg .
asual
7Y 4
I03eInpon aseyd "EA'
' Io3311dsuesd
. =

14

IZ2TTATITOKN O3oud

H
o
9]
[1)]
q
[ /




dn-39s 3uswdrinbg 3x0oddng I232WTOOTdA ASSET 9 aanbtyg

e

‘ AV\‘ | \3eTnpoN oseud

TUQ IATIQ

youag teo13do

st
St ,__.:._e:. i

15

9




Figure 7 Pictorial Views of Laser Velocimeter (A)
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Figure 8 Pictorial views of Laser Velocimeter (B)
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B. Pitot-Static System

The Pitot-static System used in this project cen-
sisted of a pitot-static probe, a traversing mechanism and a
micromanometer. The pitot-static probe had a single pitot hole
on the tip of the probe with four static ports located back
behind the conical head of the probe. The probe was mounted
oh a traversing mechanism and secured in place, in the flow,
by pipe fittings on each side of the White Pipe. As previously
stated, the pitot-static probe was located 25.5 feet ahead of
the compressor face and had a 15.18 inch travel normal to the
pipe flow. Attached to the end of the traversing mechanism
were plastic tubes which connected the pitot and static ports
to a micromanometer for pressure difference measurement.
Figure 9 illustrates this system.

C. Hot Wire Anemometer System

The Hot Wire Anemometer System consisted of a hot
wire probe, a traversing mechanism, an anemometer, & universal
counter, a volt-meter, an oscilloscope and a micromanometer.
The hot wire probe was a single wire probe and was orientated
to point upstream into the flow, with the wire in a vertical
position. From the probe, a 90 degree holder for the probe
was fastened into the traversing tube which was supported on
either end by the LV window blanking plates. Connected to
the end of the probe holder of the traversing mechanism, by
a co-axial cable, were the anemometer, which was used to set

and monitor the bridge DC voltage, a Hewlett-Packard digital

18
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counter for registering this voltage, a voltmeter to observe
and record the r.m.s. voltage and an oscilloscope which was
used to ensure the transmission of a square wave signal for
calibration. From a static port on the wall of the test
section, a flexible plastic pipe was connected to a micromano-

meter to observe and record variations in pressure on this

inner surface. Figure 10 illustrates the component parts

of this system.
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IV. PRINCIPLE OF OPERATION

The Malvern Laser Anemometer Sysiem is composed of a

Spectra FPhysics 15 mw Helium~Neon Laser, a coated Beam-
spliftter, a Photo Multiplier Tube, a Digital Correlator plus
storage unit, an oscilloscope and a Phase Modulator plus drive
unit and counter. As each system is complex in nature, each

system will be dealt with individually to explain its particular

principle of operation and how it fits into the overall system.

A.

Spectra Physics 15 mw Laser. This particular

type of laser consists of a glass tube with polished
mirrors ot eitlhier end and contains a mixture of

90 perccnt helium gas and 10 percent neon gas.

The neor. stoms, once excited are capable of
amplifying light by stimulated emission with the

end mirrcrs providing reflecting surfaces for
bouncing the beam backwards and forwarés through the
gas, allowing the laser beam to build itself up.
Once sufficiently built up, the beam will shine
through a hole in one of the end mirrors.

Malvern Beamsplitter. The function of a beamsplitter

is to take a single incoming beam and by some
optical method split the beam into two beams which
may be of equal intensity. In the case of the

Malvern Beamsplitter, the single beam is brought

22




into an optical "diamond" shaped piece of coated

glass as indicated in Figure 11

Beamsplitter Case

50%

Laser

100%

Outgoing lst 50%

beam

Figure 11 Malvern Beamsplitter Optics

As the initial beam enters the 6328£ coated glass
(.6328 x 10 °m wavelength) it is deflected roughly
as shown in Figure 11 and encounters a 50 percent
silvered mirror. As this type of mirror suggests,
50% of the beam is allowed to pass through the
mirror and onto the front edge where it is
deflected out as shown, while 50% of the original
beam is reflected to the other front edge and
subsequently deflected out as shown. As a result
of using this optical device, two beams of equal

intensity have been achieved and can be made to

23




converge or divergz merely by changing the
orientation of the optics with respect to the .
incoming beam.

Laser Beam Ellipsoidal Control Volume. At the

point of .intersection of the two laser beams, an
ellipsoidal control volume composed of alternating
vertical light and dark "slices" or fringes is
set up. The number of fringes created can be
determined by the following method. First, the
calculation of thé fringe spacing:
S = fringe spacing = % %}—
where: L = the distance from the intersection
point to any reference vertical
surface onto which the beam shines
D = the distance the beams are apart at
this reference surface
A = wavelength of the helium-neon gas
of the laser = .6328 x 10 °m.

¥ = the index of refraction of air = 1.0

Now the numbe. of fringes is calculated as follows:

Beam diameter
S

No. cof fringes =

where: Beam diameter = 1.1 mm
S = fringe spacing
If these fringes could be physically seen, they

would appear as indicated in Figure 12:

24
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Figure 12 Laser Beam Intersgctjon Point and
Fringe Spacing
As illustrated in Figure 12, a number of particles
can = seen passing through the light and dark
regions. These particles, as they pass through
the light bands, scatter light in all directions
which the Photo Multiplier tube can "see".

Photo -Multiplier Tube - The Photo Multiplier tube

is composed of two distinct assemblies, one being
the Receiver Photon Detection Unit and the other
being the Photo Multiplier tube. Once aligned
and focused onto the ellipsoidal control volume

of the intersecticn point of the two laser beams,




o Ao &

the function of the Receiver Photon Detection Unit
is to collect the light scattered when the particles
cross a lighted region and focus this light back
énto an aperture-pinhole combination. This
combination of pinhole, which could be of the 100,
200 or 400 ¥m size, and aperture, in addition to
the particular lense and spacer system in use, will
determine the diameter of the flow control volume
being observed. This diameter is calculated as
follows:

Diameter = K (Diameter cf painhole)

where: K = a constant whose value depends

upon the lense and spacer
combination used.

The values for K are according to those specified
in Table II. Once the scattered light passes
through the pinhole, it then enters the Photo
Multiplier Tube. This 1light, as it hits the
cathode of the PM Tube causes a pulse train
burst which is then passed onto a high gain
amplifier and discriminator which eliminates the
amplitude modulation and maintains only the
frequency modulation. At this time, the signal or
data 1is then passed onto the Digital Correlator

for further processing.
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Digital Correlator. The Digital Correlator in

use here is the Malvern Digital Correlator type
K7023 and it consists of a storage unit and a
correlator as two separate pieces of equipment.
This particular system has a 50 nano second

(50 x 1072

seconds) resolution time and can be
operated in the single clipped autocorrelation, double
clipped autocorrelation or the cross correlation
modes. The correlator system operates on information
received from the Photo Multiplier Tube which comes
i:x. the form of pulses, each of which is activated

by the light scattered when a particle crosses a
light fringe in the ellipsoidal control. By
interpreting this information, which essentially
involves the periodicity of the pulses, an output

is achieved which could appear on the oscilloscope

as in Figure 13 (ideal flow with a low turbulence

level).

Figure 13 Digital Correlator Oscilloscope Output
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From this output, mean velocity and turbulence

v intensity determinations can be made by employing
the methods as explained in Appendix C, the Laser
Velocimeter Data Reduction Method.

F. Phase Modulator. Periodically, flows will be

encountered which are either of too high a
velocity, too turbulent in nature or too slow
moving for the standard Laser Velocimeter System,

without a phase modulator, to deal with. Also,

on occasion, flow direction determination may be
required and the standard system without the
modulator is not capable of making this evaluation.
As a result, a Phase Modulator plus a drive unit and
counter are put intc the system to assist in
overcoming or reducing the effect of these

practical problems. Under normal operating
conditions, the fringes set up at the intersecticn
point of the two laser beams do not move with
respect to the flow but remain stationary with the
particles in the flow crossing these light and

dark regions. Once the Phase Modulator is installed
ahead of the 5eamsplitter, it takes the two parallel
and nearly equal intensity beams from the beamsplitter
and passes these through an electro-optic crystal
onto which a suitable voltage is applied. 1In this
way, the phase of each light beam is either advanced

or retarded depending on the saw-tooth voltage which

28




is applied to the crystal. =&s a result of this,

the fringes can be made to move with respect to

the flow and thus, in low speed flow, by making the
fringes move opposed to the direction of flow,

the flow, or particles, will "appear" to be moving
faster and consequently can be handled by the PM
tube and Digital Correlator with much more
effective results. Similarly, for uich speed

flow, the fringes would be made to move with the
direction of the flow causing the flow to "appear"
to slow down. By making the fringes move with respect
to the particle flow, the particles will cross the
light fringes at different rates than they would

if the Phase Modulator were not in use. By allowing
a slow moving particle to cross a light fringé more
often and subsequently, scatter more light, the
P.M. tube can operate more effectively and provide
more information to the correlator thereby
enhancing the auto-correlation function. By doing
this, the evaluation of the output on the
oscilloscope will allow easier determination of
minimum and maximum values required for turbulence
intensity and velocity calculations. In addition,
since the movement of the fringes in the
ellipsoidal control volume may be either in the
same direction as the flow, or opposing it, the

differential doppler freguency detected by the

29




signal processor will be consequently increased or
decreased which will then enable the directional

sense of the flow to be determined.
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signal processor will be consequently increased or

decreased which will then enable the directional

sense of the flow to be determined.
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V. EXPERIMENTAL PROCEDURE

The following is a description of the experimental

procedure which was followed for each of the three systems

employed in this

A. Laser

study.

Velocimeter

1. Traverse Locations - A total of three points

al
th
Th
a.

b.

C.
For an
points
system
traver

traver

ong the "white Pipe" were selected at which
e Laser Velocimeter traverses were made.
ese points were as follows:

12 inches inside the inlet Bell Mouth.

White Pipe midsection -~ 12 inches downstream

from the exit of the venturi.

10 feet downstream from the flow conditioners.
explanation of the location of these traverse
, See Figure 14 which is a schematic of the
. At each of these points, a number of
ses were made. The following is a list of

ses with any changes which were irtroducad

from one test to the next:

a.

Position: 12 inches inside inlet bell mouth (3)
Traverse l: 50% engine RPM
No Phase Modulator
Traverse 2: 70% engine RPM
No Phase Modulator
Position: White ™ipe midsection (1)
Traverse 3: 50 Engine RPM

No Phase Modulator
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Traverse 4: 50% engine RPM
Phase Modulator included
Traverse 5: 70% engine RPM
Phase Modulator included
c. Position: 10 feet downstream of flow
conditioners (2)
Traverse 6: 50% engine RPM
No Phase Modulator
Traverse 7: 70% engine RPM
No Phase Modulator
These traverses were made over a period of two
weeks and under varying weather conditions. The
dates of the respective tests as well as the
weather conditions that existed on that day
during the test, have been included with the
data in Appendix B. Weather conditions were
noted on each of the test days for the purpose
of determining the effect, if any, that the
prevailing weather would have on the particulate
matter present in the White Pipe air flow and
subsequently on the operation of the LV.

Mean Velocity ard Turbulence Intensity

Evaluations - As the object of this project was

to obtain mean velocity and turbulence intensity
profiles across the inside diameter of the

White Pipe, the traversing mechanism was set

up to move through one inch intervals across

the majority of this diameter but to make much

-

smaller movements as it approached either wall

S - ... 33




of the pipe. 1In this way, a total of thirty-six

data points were set-up across the diameter of

the pipe. t each designated point in the

flow, the Digital Correlator and Oscilloscope;

in conjunction with the remainder of the LV
equipment, gave an output on the oscilloscope

from which the required data for the mean velocity
and turbulence intensity calculations could be

obtained. This data, for illustrative purposes

using an example point, was obtained as indicated
in Figure 15. Once the data was obtained for

the test point, the table supporting the

complete optical system was moved, by means of an

electric motor, to the next test point.

B. Pitot-Static Tube

The Pitot-static tube was physically located at
only one point in the flow, 25.5 feet ahead of

the compressor face or about 12 inches ahead of

the inlet to the venturi. This pitot-static tube
and traversing mechanisr was designed to move from
a position 2.82 inches from one wall to 18.0 inches
from the same wall or a total traversing distance
of 15.18 inches. Data was taken at one inch
intervals and at each point, measurements of

pitot and static pressure were made which were

required in the evaluation of the mean velocity at
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that point. The purpose for making a traverse at
this point, where neither an LV or Hot Wire traverse
had been made, was to provide a completely separate
velocity profile with which to compare to the

other results.

Hot Wire Anemometer

As in the case of the Laser Velocimeter, Hot Wire
Anemometer measurements were made at each of the
three test points as indicated in Figure 14. 2
total of 5 traverses were made with two traverses
each at Positions 2 and 3 and one traverse at
Position 1 with the only variable be.ng the % RPM
of the engine which, like the LV data, was either
50% or 70%. The traversing mechanism of the hot
wire anemometer alliowed movement from one wall to

a point 25.4 inches away for a total movement of
25.4 inches. This traverse distance was again
divided into one inch intervals except at the

inlet position, where measurements every two inches
were made due to repetition of the results. At
each test point, measurements of bridge DC voltage,
rms voltage and pressure differences were made.
This data, with the previously measured total
temperature and pressure in the room as well as the
resistance of the probe, was required for the computer
program to evaluate the mean velocity and turbulence
intensity values. The computer program used was
previously developed by Dr. Richard Rivir of the

Propulsion Laboratory.
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TLaser Velocimeter Results

RESULTS AND DISCUSSION OF RESULTS

Tn the following pages, the mean velocity and

turbulence intensity profiles are presented with

the order of

12.
13.

14.

Position
Position
Position
Position
Position
Position
Position
Position
Position
Position
Position
Position
Position

Position

presentation

=

-
4

-

.
’

== =H=
]
~e

A=
-
~e

$3;
$2;

$#3;

RPM

PPM

RPM

RPM

RPM

RPM

RPM

RPM

RPM

RPM

-
I

.
7

being as follows:

Mean velocity profile

Mean velocity profile

Mean velocity profile
Turbulence inrtensity profile
Turbulence intensity profile
Turbulence intensity profile
Mean velocity profile

Mean velocity profile
Turbulence intensity profile
Turbulence intensity profile
Mean velocity profile

Mean velocity profile
Turbulence incensity prcfile

Turbulence intensity profile

Here the pesitions correspond to:

1.

2.

Position #1 -~ "White" Pipe midsection

Position #2 - 10 feet downstream of flow

conditioners

Position #3 - 12

bell mouth

37

inches inside the inlet
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White Pipe Midsection.

As the velocity profiles

of Figures 16-18 at the 50% engine RPM indicate,
both with and without the Phase Modulator in the
circuit, as well as at the 70% engine RPM, there
is a very discernible "top-hat" or constant peak
velocity region of between 10 and 13 inches in
width. Ahead of this particular test section

is a venturi which has a throat of diameter
13.066 inches and this throat is situated

37.3 inches ahead of the LV test point.

On either side of the constant velocity region,
the velocities dropped off rapidly and measure-
ments were possible only up to approximately

5 inches from either wall where, due to the flow
conditions, which were assumed to be very turbulent,
data for the mean velocity and turbulence
intensity calculation could not be obtained at
this time. 1In the case of the turbulence
intensity profiles of Figures 19-21, each of

the three resultant profiles at this position
exhibited an "inverted tcp-hat", each going to
zero turbulence for between 5 to 7 inches in the
center of thg flow and then growing to high
turbulence levels on either side of this "idgal
flow" area. As the formula as presented in

the Malvern text, {(Reference 6) which
accompanied this equipment, for the calculation

of turbulence intersity, is to be used only
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up to turbulence ( N ) levels of .20 (20%),
those values over this limit must be viewed
accordingly. In some instances, as can be

seen from the profiles, turbulence intensity
points at the outer edges of the profiles, drop
off to lower values. This is due in part to the
limitations in discerning "peaks" and "valleys"
on the oscilloscope from which the, turbulence
intensity values are calculated and to the fact
that the flow was probably approaching a zero
velocity condition and subsequently lower

turbulence levels, in this area.

Ten Feet Downstream of the Flow Conditioners.

At this point in the flow, the velocity profiles
(Figures 22-23) once again exhibit the "top;hat"
velocity profile only with a reduced width of
the constant velocity section, being between

6 to 8 inches in width, On either side of this
level section, the velocities drop off gradually,
and at a much slower rate than was experienced
at Position #1. Ahead of this particular
position, by 10 feet, there is a ;ection of

the pipe which contains a number of different
types of flow straighteners and conditioners
with their primary purpose being to reduce the
boundary layer thickness and produce a constant

velocity profile for the compressor to "digest"”.
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As can be seen by the velocity profiles and the
turbulence intensity profiles (Figures 24-25),
these conditioners are being reasonably successful
at this job although the boundary layer is once
again starting to form and the turbulence

levels in the outer regions are beginning to

increase again.

Twelve Inches Downstream 9£ the Inlet Bell Mouth.

As can be seen immediately from Figures 26-29
the velocity profile for the inlet is almost
entirely flat or at constant velocity with only
small fluctuations. Unfortunately due to the
incapability of the LV system to operate in the
close vicinity of either wall, a velocity
drop-off cannot be seen at either RPM condition
which, in essence, is due to the fact that the
boundary layer has just begun to build. The
turbulence intensity levels experienced,
fluctuated from zero to four percent with the
profile at the 70% RPM condition being almost
entirely zero. Ahead of this test section,
there is a circular arc kell mouth which has an
outside diameter of 59.5 inches and an inside
diameter of 29.5 inches. Ahead of this bell
mouth is a filter box into which the air flows
for the White Pipe which, in addition to
filtering the air, reduces the effect of wind

gusts on the air entering the pipe.
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Hot Wire Anemometer Results

The following are the velocity and turbulence

intensity profiles as obtained by the Hot Wire

Anemometer system and as produced from the data

in Appendices E and F.

The profiles are

presented as follows:
1. Position #3; 50% RPM; Mean velocity profile
2. Position #3; 70% RPM; Mean velocity profile
3. Position #3; 50% RPM; Turbulence intensity profile
4. Position #3; 70% RPM; Turbulence intensity profile
5. Position #2; 50% RPM; Mean velocity profile
6. Position #2; 70% RPM; Mean velocity profile
7. Position #2; 50% RPM; Turbulence iatensity profile
8. Position #2; 70% RPM; Turbulence intensity profile
9. Position #1; 50% RPﬁ; Mean velocity profile
10. Position #1; 50% RPM; Turbulence intensity profile
e the positions correspond to the LV positions.

1. 12 Inches Inside the Inlet Bell Mouth. As in

in the LV results, an almost completely constant

velocity was achieved in the velocity profiles

at 50 and 70% engine RPM (Figures 30-31). Due

to a restriction in the movement of the traversing

mechanism, data could not be obtained in the

close proximity of both walls and thus the

complete velocity decay was not observed. 1In

the case of the turbulence intensity profiles

(Figures 32-33), high turbulence levels across
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the entire flow were experienced, with the
L lowest level being about 1.2% at the centerline

when the engine was operating at 70%.

2. Ten Feet Downstream of the Flow Conditioners.

Upon comparison cf the Hot Wire mean velocity
- (Figures 34~35) at the White Pipe

. .dsection with those obtained by the LV
system, almost identically shaped profiles are the
result. There exists however, a difference
in the centerline velocities which in the case
of the Hot Wire are 12 and 21 ft/sec lower

n at the same point as determined by the
LV (for 50% and 70% RPM respectively), 1In
addition to differing centerline velocities,
the regions of constant velocity are somewhat

er in the Hot Wire profiles than they

are in the LV profiles, while the velocity
drop-off is at almost exactly the same rate.
The turbulence intensity profiles (Figures 36-37)
are very well defined and are shaped as expected
with the turbulence levels approaching 12% on
either side (or close to the wall) and 3% '
along the centerline of the vipe. These profiles
are quite similar to the LV turbulence intensity
profiles, especially in the area of maximum
turbulence, but differ arcund the centerline

where the LV profiles go to zero levels of

| Sen

turbulence.
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3.

White Pipe Midsection BAs expected, by the

relatively close proximity of this position to
the venturi, the velocity prof.le (Figure 38)
displays an almost perfect fully developed
turbulent flow veloci - profile with a center-
line velocity of 126 feet per second which decays
to 10 feet per second at points about 4 inches
from either wall. The width of the constaat
velocity section is about 11 inches which, when
compared to the venturi throat diametgr of
13.066 inches, appears very consistent. The
turbulence intensity profile (Figure 39)
indicates very low levels of turbulence in the
center portion of the flow but soars to extreme
levels on either side of this center portion.
While the Hot Wire system works well up to
turbulence levels of 30-35%, values above this
point nust be viewed with some skepticism.
However, as the turbulence levels reach orders
of 60% and greater on either side of the flow,
it would appear that the airflow "sees" a

wall or region of very slow moving air wﬁich
would explain the greatly increased centerline
velocity required to accommodate the same mass
flow. As a point of comparison, the centerline
velocity at the same point, as determined by the

LV system, was found to be 114 ft/sec which agrees
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well with the Hot Wire results. Also, the width

T P P e

¥

,;a,‘w» *
L

and the drop-off of velocity on either side is

at the same rate. Unfortunately, with the LV

P rempam e BT

system, velocities and turbulence intensity

S

leveis could not be determined as closely to the

& d 7 b
o bt oo s s ol oamn
IV v

walls as could be done with the h.t Wire system,
A traverse at 70% RPM could not be cempleted

at this time due to engine control pi._ulems,

C. Pitot-Static Tube Results. As previously stated,

all of the Pitot-static data was taken at a single
position as indicated in Figure 14 and at the two
RPM's of 50% and 70%. The data points extended from
2.82 inches from one wall to 18 inches from the same
< wall. On the following Figures 40-41, the mean
velocities for the poitns 2.82 inches through 15
inches are displayed and then the same data is used
to plot from 15 inches to 27,18 inches, creating a
"mirro: image" as symmetrical flow cenditions were
assumed. The data that was recorded is presented
in Appendix G with the numerical results presented
in Appendix H. As éan be seen on the graphs, the
centerline velocities have increased somewhat from
these same values at the bell mouth inlet, This
is due to the fact that the _.undary layer has begun
to build up and the effective area through which

the air flow can pass has been reduced, causing 'he

L ol

increase in velocity. Unfortunately, due to the

68
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of the constant velocity region is almost ‘identical
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limitations imposed by the traversing mechanism,

complete velocity drop off, and thus the width of

boundary layer, could not be determined.
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VII. CCNCLUSIONS

After looking back over the results as obtained, a
number of conclusions have come to the fore-front. The
goals that were originally set as the guides for the
evaluation of this study have all been met with what the
author feels is a high degree of success. The conclusicns

- are as follows:

Good agreement is in evidence with respéct to

the mean veélocity profiles obtained at the
various White Pipe locations and eagine RPMs,
using the Laser Velocimeter System (LV) and the
Hot Wire Anemometer System. By the fact that
good correlation was achieved becween this
relatively new system and the much used and

"time honored" Hot Viire System, the results
obtained by the LV System can be viewed as
credible.

With respect to the Turbulence Intensity profiles,
the LV, even with the Phase Modulator in use,
appears incapable of measuring turbulence levels
of the order of 1.5% to 2.0% and lower. Also,

by the information given in the instruction manual,
values of turbulence intensity above 20% should
not be trusted. In the area between 2% and 30%,
the LV results have agreed quite well with the
Hot Wire results and thus can be viewed as a good
indication of the conditions present in these

areas of the pipe.
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At all three locations where the LV traverses were
performed, centerline velocities were encountered
which were different than these respective
velocities as measured by teh Hot Wire Anemometer
System. First of all, the LV System mezsures

the mean velccity nf the particles whereas the Hot
Wire measures the mean velocity of the medium
flowing in the pipe. These differences in velocity
can be explained by the possible fact that due to
the size of the particles in the air (which for
Dayton, Ohio, a mildly industrialized area, can
approach 80/49m) and the forces imparted onto these
particles by upstream contractions and expansions
in the flow path, velocity differences between

the particles and the flow can occur. Further

evaiuation of this theory is contained in Appendix J.

Recordings of the weather conditions in existence
on each day of testing were kept. Viewing these
conditions, which ranged from hot and muggy to very
dry days, it appears that the weather conditions
had little or no effect on the results. As the LV
System is so dependent on particulate matter in the
air, it had been feared that periods of rain before
or during a traverse could adversely affect the
results. However, at no time, was any “seeding"” or
artificial introduction of particles into the air

necessary.
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The LV System was not hampered by the main problem

inherent to the t Wire and Pitot-static Systems
which concerns the placement of a traversing
mechanism and probe or Pitot-tube into the flow field.
As the speed or RPM of the engine was set at the

two distinct RPM settings by the use of a tachometer,

the possibility of slight variations in actual

engine R¢M is a definite possibility. This, when

coupled with different temperatures of the air

in the White Pipe, would definitely lead to different
mass flow rates in successive tests. With different
mass flow rates, different velocities for the same
point as determined by different flow velocity
measurement methods would undoubtedly become

evident which can, in part, explain the difference

in these velocities, as observed.
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VIiI. RECOMMENDATIONS

Based on the work that has now been completed =mploying
the Laser Velocimeter System as the principle experimental device
for measurements, the following recommendations for further

projects are put forth:

B

1. Repeat this s_udy of flow conditions at various

< E ¥

W e e Mt

other lccations along the length of the "White

Pipe" to completely investigate and map out any

velocity and turbulence intensity fluctuations.
These alterations in the flow condition should be
especially evident around the flow conditioners
and venturis as well as any other projection in
the flow such as probes and measuring devices.

2. Using the LV System, input conditions into the
White Pipe flow such as different types of flow
conditioners or alternate venturi designs to
observe the effect on the velocity profile and
subsequent turbulence intensity values.

3. If a greater resolution time correlator (of say
i0 x 10_9 second as opposed to the present
50 x 10—9 second) and a Phase Modulator which can
accept greater crystal voltages are available,
these tests should be repeated. The improved
equipnment should facilitate data attainment in the

close proxifiity of both walls of the White Pipe.

75

‘
b
L

i
L,
1

e




The case of the Phase Modulator should be re-designed
ég; to incorporate a lense holder which will allow’
greater ease in focusing the laser beam onto an
intersection point in the same plane.
5. In the event that a similar study can be conducted
in the future, close observance of the mass flow
rates through the White Pipe should be made.

In this way, velocity differences can be explained

as possibly due to slight variations in engine RPM
settings and/or temperature fluctuations of the

medium being measured.
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APPENDIX A

LASER VELOCIMETER OPERATIONAL AND SET~UP

PROCEDURES

To supplement the Malvern Laser Velocimeter User's
Manual (Ref 6), this Appendix has been included to assist
in some of the finer points of the set-up of the eguipment
as well as its operation. It is assumed that some form of
bench or traversing mechanism has already been procured onto

oo

which the equipment can be installed.

cgf&w;h

An example of such a
table is provided in the previous work for reference.

The
steps to be followed in the set-up, alignment and operation
of the equipment are as follows:

1. Laser - Attach the laser tube to the table
mounting points using the 4 allen bolts with
rubber pads which are located on the base of

the laser tube case.

(5/32 inches allen wrench
is required).

Next, ensure that the beamsplitter
on the front of the Laser Tube is directly in

line with the tube case and parallel to the
case which will align the prism in the

beamsplitter with the laser tube.

Connect the
co~axial cable from the laser tube to the laser

supply unit and then connect the power supply
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The laser can now be

unit to a 110 volt source.
turned on by the switch or the power supply
unit. Figure 42 illustrates the laser tube assembly.

Photomultiplier Tube - Attach the PM tube optical

mounting rail (2 triangular rail) to your optical
bench or table at a position such that it is not
directly in line with the path of the beams
emitted by the lasei tube. (Unless forward
scatter is being employed and necessaryv precautions
ocre taken tn block direct radiation from entering
the PM tube). It is recommended that the axis of
the rail should be at. about a 7-10 degree angle to
the desired laser beam intersection point. Once
th%s triangular rail has been mounted and is
éecured, place the PM tube on the rail and secure
it by tightening the two knobs on the one side of
each of its two feet. The center axis of the PM
tube should be on the same plane as the laser
tube. At this time, do not hook up any of the
wires or co-axial cables to the rear of the PM
tube. Figure 43 illustrates the PM tube.

Digital Correlator, Storage Unit and Oscilloscope -

For best operation, this equipment should be set up
according to Figure 44 with the storage unit on the
bottom, the digital correlator on top of this unit
and the oscilloscope on top of the correlator. This
equi,.tent should be physically located near the PM

tube although a remote.point is not out of the question.
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Figure 44 Digital Correlator and Oscilloscope Set up
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Wiring - For the best explanation of the wiring
procedures, Figures 45 and 46 should be examined.

Safety Precautions - A number of safety precautions

should be implemented at this time so as to prevent
any accidental injuries or damage to the equipment.
The first precaution, and most important is to make
all personnel who have access to the area aware

that a laser is being used and that eye damage can
occur if they look directly into the beam of the laser.
This is best accompiished by verbal warnings and by
displaying signs informing personnel of a laser in
use. The second safety precaution concerns the

Photo Multiplier tube which is a very expensive

piece of equipment and is easily damaged. This
damage can occur if, when the PM tube is connected

to its power source, the PM tube is subjected to high
intensity lighting (normal room lighting) or the
laser beam is allowed to shine into the PM tube.

So as to prevent any damage to PM tube, try to
eliminate as much outside light as possible either

by shielding or by turning off the lights. Also,
before turning on the power supply to the PM tube,
ensure that the laser is not shining into the PM tube
and that its two beams definitely clear the optics

on the front of the PM tube. This problem is most
effectively eliminated by always operating the PM
tube in side scatter or rear scatter modes as

illustrated in Figure 47.
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Aligmmert Procedures - This is, without question,
the most difficult aspect of the set~up of this
apparatus in addition to being the most important.

The first pcint of consideration is that a rough

estimate of how fast the mediwa is travelling should
be known.

By knowing this information, Table
can be used.

1
From this Table, which relates

flow velocity to fringe spacing requirements, the
appropriate fringe spacing can be determined.
The numerical value for the fringe spacing is

calculated according to the following equation:

S (fringe spacing) = L A

Dn
where:

L

distance from the intersection point
of the two becans

to an available
perpendicular surface such as a
wall. See Figure 48.

distance between the beams at this
wall as illustrated in Figure 48.
)\_

frequency of helium-neon gas = .6328 x 10 'm.
N =

refractive index of air

= 1.0.
Now, knowing the values for S, A and n, a valae can

L

be calculated for o To determine these two values,
measure the distance,

in inches from the available
perpendicular surface, such as a well, to the point

v~

in the fiow where the intersection or focal point

87



N

suoTjeInoTe) Huroeds sbutig gy 2aInbri

| 3op 1
@, ! aqny e M_
=~ ~ ¥ ‘
o =~ x23311ds
k 9 ——g ueag o~ _ Zueog
y 2 |
mq & N 9 ﬁ ¢ T ' I95e7]
1 D..._”. ¥ wesag .
A : JP“‘I&H"» JuTOd o
UOT3039sI393UT
‘ , i T
* gutsz g
’ soejyang T = _
TedTI3aaA 1 a c_“ H
w souUaIDIY F1.s
ng ' |
| |
B
| |
! N . | |
b — |

A bt WS el K b
om0 T
-




B UL L TR R TN P e M»,mwwrnwm

TABLE I
%? .
Dt Flow Velocity and Fringe Spacing
Flow Velocity . Flow Velocity
Lower Limit Fringe Spacing Upper. Limit
§ 10 rni/Sec 10 um 40 m/Sec
¢ 50 m/Sec 50 um 200 m/Sec
g 100 m/Sec 100 um . 400 m/Sec
500 m/Sec 500 um : 2000 m/Sec
__TABLE II
? Focal Combinations as Related to the Distance
: From the Beam Intersection to the PM Tube (A)
¢ e
Distance from Lense} Lense -
to Focal Point of Focal
Beams (A) Length K Spacer
? 17 cm - 20 cm 105 mm 1.0 9.0 cm (2 spacers)
: 20 cm - 35 cm 105 mm 1.3 6.5 cm
35 cm - 54 cm 105 mm | 3.0 | 2.5cm
5 54 cm - 70 cm 200 mm 1.8 9.0 cm (2 spacers)
70 cm - 110 cm 200 mm | 2.3 | 6.5 cm
£ 110 cm - 150 cm 200 mm 4.0 2.5 cm
g 89
.
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of the two beams is desired., KXnowing this, L will
then permit calculation of D. Knowledge of both L
and D will permit the laser to be set in the appro-
priate place so as to give these dimensions as
indicated in Figure 48. At this point, the
adjustment knobs on the beamsplitter should be
taped, so as to prevent accidental adjustment,

and the laser itself, checked for security on its
mounts. Now, determine how far, in centimeters,

it will be from the intersecpion or focal point

of the two beams to the front of the lense of the
PM tube or distance A as illustrated in Figure

48. This distance will determine which optics
combination should be used in order to properly
focus the'PMAtube. The decision on which optics
combination to use should be made according to
Table II. An illustration of how the correct and
incorrect matching of the lense and spacer will
affect the focusing of the focal point onto the
pinhole of the PM tube is given in Figure 49. Once
the correct combination of lense and spacer has
‘been installed on the PM tube, roughly align the PM
tube to "look" at the focal point of the two

laser beams but at an axis of about 10° off from
the axis of the center of the two laser peams.

So as to make the ensuing aligning easier, place

a piece of light grade paper at the intersection
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of the two beams which will enhance this point and
allow easier focusing of the PM tube optics. Once
this rough alignment is complete, the following
instructions are to be followed: (See Figure 50
for assistance).

a. Turn the knurled knob fully counter clockwise

b. Open the aperture on the iense to the full

open position
c. Looking through the polaroid eyepiece, locate

the intersection of the two laser beams and

by adjusting the X-control and Y-control knobs,
center this intersection point onto the center
of the cross-hairs of the polaroid eyepiece

d. Turn the knurled knob to the fully clockwise

- 'poéition

e. Looking through the X10 eyepiece, focus the
light enterinag *he lense and center this light
onto the pinhole of the PM tube. When centered
and in focus, what will be seen through the X10
eyepiece will be as shown in Figure 51. Centering
of the light onto this pinhole is again
accomplished by the X and Y control knobs, and
by adjusting the lense. In the case of the 110 mm
lense, which is a fixed lense, focusing can
be accomplished by moving the PM tube back ard

forth on its rail.

Wy,
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f. Once the PM tube is focused as required,
ensure it is secure on its rail and ensure .all

wires are attached as indicated in Figure 46.

Measurements Requiring the Use of a Phase Modulator -

On occasion, flow conditions will be encountered

where the PM tube and Digital Correlator are incapable
of producing an output from which mean velocity or
turbulénce intensity information can be obtained.

This may be caused by the fact that the flow is moving
at a rate which is either too fast, too slow or too
turbulent for the limitations on the PM Tube and
Correlator. 1If these conditions are encountared
(which will produce an almost straicht line, devoid
of any peaks and valleys, on the oscilloscope) then
it will be necessary to mount a Phase Modulator

ahead of the Beamsplitter. The first step to be
followed when installing the Phase Modulator is to
ensure that the two beams from the Beamsplitter

are parallel to one another. To do this, move the
two beams until they are roughly parallel to one
another and then measure from the center of one

beam to the center of the other at a point immediately
in front of the beamsplitter. Now, at a point some
distance away, measure this same distance again, and
if the beams are parallel, these measurements will

be the same. Once the beams have been made

parallel, set the Phase Modulator on the rail ahead

of the beamsplitter as shown in Figure 52, and
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secure it on the rail. As illustrated, the Phase
Modulator should be immediatley in front of the
beamsplitter and at the same level so as the beams
enter the crystal as indicated in Figure 53. 1In
order to allow alignment of the Phase Modulator,
it is necessary that the center axis of the Phase
Modulator be 2.5 mm off to the left of the axis
formed by the Laser and Beamsplitter. With the
adjustment knobs, adjust the position of the body
of the Phase Modulator until there are two beams
coming out at equal intensity and parallel to

one another. After completing this alignment,
hook the Phase Modulator up to the Laser Anemometer
Phase Modulator Drive Unit with two co-axial
cables (50 ohms) as illustrated in Figures 52 and
54. To the Phase Modulator Drive Unit connect

a counter so as to measure the exact frequency
shift being delivered to the crystal. Once this
equipment has been set up, obtain a lense of the
desired focal length to focus the two bkeams back
onto a focal point onto which the PM tube can be
aligned. It might be necessary to measure the

L and D values again as the combination of

Phase Modulator and lense might have changed

these respective values.
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8. The First Measurement - The warm—-up period for all

¥

the eguipment associated with the laser anemometer

Al

A

g

wr

system is approximately 15 minutes. Equipment

which requires this warm-up are the PM Power Supply

Unit (turn control to stand-by), Digital Correlator

Stor we Unit (Power button ON), Digital Correlator

(Power button ON, Readout mode START button

: . illuminated and red STOP button illuminated),

Oscilloscope (Power button out) and the Laser Unit.

In additzon, if the Phase Modulator is in the

- circuit, Lhe Phase Modulator Drive Unit should be
turned on as well as the counter. Once all the
equipment is warmed up, ensure all unnecessary

lighting is turned off 'the test area should be

P

- as dark as possible), turn :=he ™M tube power supply
unit control knob to ON and then vush the green
START button on the Digital Correiator. With
reference to the Digital Correlator, this piece
of equipment should be set u=p as follows for & -
standard velocity and turbulence intensity
determination:

a) Sample time: .050 x 10”° seconds
Number of samples x 10" =0

b) Control knob: Single clipped

c) Outpﬁt level: A

d) Threshold clip lever: O
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e) First channel readout: 04

f) Last channel readout: 99

g) Readout mode: SCOPE

h) Number of counts displayed per volt: 50K

i) Monitor channels: x1

Once the desired output has been achieved on the
Oscilloscope, push the red STOP button on the
Digital Correlator which will then freeze . the
display on the Oscilloscope and allow the data for
mean velocity and turbulence intensity calculations
to be taken. If there is a requirement for the
Phase Modulator to be in the circuit, as explained
previously, then a number of adjustments will have
to be made to the Phase Modulator Drive h.: to
facilitate the velocity and turbulence incensity
measurements. If the flow is low speed or aighly
turbulent put the drive unit in the INVERTED

mode and vary the freguency to get the desired

output on the Oscilloscope. Similarly, with the high

speed flow, put the drive unit in the DRIVE mode to
get the desired output. Once the Oscilloscope has
given a desired output, again push the STOP button
and proceed as befor2 only ensuring that the value
on the counter is taken down. The procedure to be
followed in the reduction of the data to obtain the
mean velocity and turbulence intensity values is

included in Appendix C of this thesis,

: 101
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APPENDIX B

LASER VELOCIMETER DATA

A total of eight traverses were made with the Laser
Velocimeter and on each of these runs, a large amount of data

was obtained. This data has been broken down as follows:

1. Location: White Pipe midsection
Engine RPM: 50%
Date: ' 26 July 79
Weather Conditions: Hot and muggy
B7°F

Clear skies

Comments: Experimental run for equipment checkout

R R
A,

1 - 2. Location: White Pipe midsection
i
£ Engine RPM: 50%
: Date: 31 July 79
Weather Conditions: Hot and muggy
84°F
Clear skies
Comments: Phase Modulator not in use
3. Location: White Pipe midsection
Engine RPM: 50%
Date: 7 August 79
Weather Conditions: Cloudy
76°F

Comments: Phase Modulator in use

¥
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Location: White Pipe midsection

Engine RPM: 70%
Date: 7 August 79
Weather Conditions: Cloudy

76°F

Comments: Phase Modulator in use

Location: 10 Ft. Downstream of
Flow Conditioners

Engine RPM: 50%
Date: 9 August 79
Weather Conditions: Hot and Cloudy
80°F
Humid

Comments: Phase Modulator not in use

Location: 10 Ft. Downstream of
Flow Conditioners

Engine RPM: 70%
Date: 9 August 79
Weather Conditions: Hot and Cloudy
g0°F
Humid

Comments: Phase Modulator not in use

Location: 12 inches Inside Inlet
Bell Mouth

Engine RPM: 50%

Date: 14 August 79

Weather Conditions: Cool, cloudy
76°F

Comments: Phase Modulator not in use

103



8. Location: 12 inches Insiae Inlet

Bell Mouth
i; Engine RPM: 70%
Date: 14 August 79
Weather Conditions: ggol, cloudy
°F

Comments: Phase Modulator not in use

Table III follows and includes all of the data as

taken on each of the traverses with the exception of the

first traverse which was a trial run to check out the

operation of the equipment and to refine the operating

techniques.
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TABLE III
LASER VELOCIMETLER DATA

Fais
[

Date: 31 July 79

Weather Conditions: ©No rain for two days; Hot and muggy
TATM: 84°F

PATM: 25.20 in Hg
% Engine RPM: 50%

Traverse Location: White Pipe Midsection - downstream of venturi

S 1 l N
Position |Time Peak iEQQ-
(in) x10 %sec) z 9. . 9 93
Wall
1/8
1/4
1/2
1.0
1.5
2 Flow too turbulert
2 tojobtain data
5 100 32 (24)21566794(32)21594321§(62)21549684
6 100 30 (18)9544206 1(30)9731173 {(51)°636875
7 100 25 (15)5062397 {(z22Y5275805 {(36)5202579
8 100 23 (15)20652651(23)2222948 j(32)2152042
9 100 21 (12)6847298 (21)7496020 {(29)7047685
10 100 19 (11)1476562 }(19)1687189 |(27)1500647
11 100 18 (11)1496536[(18)1707496 {(26)1496316
12 100 18 (11)2087491{(18)2357730 {(26)2080223
13 100 18 (11)6190220}(18)6944124 {(26)6167245
14 100 18 {11)4394590§(18)4938586 {(26)4377327
15 100 18 (11)14627781(18)1636425 {(26)1455117
16 100 18 (11)1446932(18)1622612 }J(26)1441649
17 100 18 (11)6156426 |(18)7043879 [(26)6119244
18 100 18 (11)3129577](18)Y3724825 {(26)3108495
19 100 18 (11)10484261(18)1251455 {(26)1045243
20 100 18 (11)14254521(18)1687269 {(26)1426486
21 100 19 (12) 826645 {(19)948534 |{(27)847137
22 100 21 (13)14155321(21)1560040 §(30)1478246
23 100 24 (14)14383671(24)1528025 }(32)1500492
24 100 26 (17)21685411(26)2191092 §(41)2184549
25
26
gg Flow{too turbkuleint
28.5 tojobtain data
29.0
Wall
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Date: - 7 August 1979

Weather Conditions:

TATM:

PATM:

% Engine RPM:

76°F

29.3 in Hg

50%

TABLE II

I (cont'd)

Cloudy:; Hot and Mugay

White Pipe Midsection - downstream of venturi

Traverse Location:
L Sample
Position |pime_ Peak | Fredq. g g g
(in) (x10 “sec) KEz . 2 3
Wall
1/8
1/4
1/2
1.0
1.5 Flow] too turbuleﬁt to
g pbbtain data
4 200 12 435,4 [(7)28120616 |(12)281550574(18)28141918
5 200 11 406,5 {7)3570705 {(11) 3620148 §(13)3603075
6 200 9 429.9 [6)2167834 ( 2)2256313 §(12)2226423
7 100 14 425,8 [9)6554466 (14)6611841 §(13)6584163
8 lu. 14 443.5 [8)16909250 {{14)16995827(17)16950803
9 50 22 424.5 [12)4515813 {(22)4585277 {(30)4553083
10 50 20 431.6 [12)655115 (20) 733854 |(28)691272
11 50 20 428.3 §12)1047158 |(20)1188134 [(28)1105225
12 50 23 201.7 §13)2111759 |(23)2243086 {(33)2140869
13 50 23 201.9 {13)6119823 |(23)6267216 |(33)6156589
14 50 27 OFF 15)10222955 }(27)10714216}(39)10210296
15 50 26 OrF 15}825487 (26)2950506 }(38)822943
16 50 26 OFF 15)492206 (26)595234 {(38)488608
17 50 26 OFF 15)475148 (26)587439 {(38)471885
18 50 27 OFF 15)452579 (27)558458 |(38)451168
19 50 27 OFF 15)465768 (27)576543 }(38)463985
20 50 27 OFF 15)451831 (27)552867 }(39)4523649
21 50 28 OFT 15)505907 (28)610181 (40)521444
22 50 30 OFF 17)663802 (30)762109 |(43}6%8886
23 50 30 201.4 {18)1511884 }(30)1622475 [(43)1586784
24 100 14.5 }428.7 (8.5)2063763 [14.5)2147049}(17)2112897
25 1a0 15 449,7 {9)2579699 (15)2658597 {(20) 2627501
24 20Q 11 466,1 [7)11114477 §(11)11262844(15)111872¢1
27 2040 12 461.3 18)26113302 |(12)26206576}(19)2€151738
28 i
28 .5 Flow}too turbulernt
29 .0 to]obtain data
\’m’a:l 1
1o¢
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Date: .7 August 1979

Weather Conditions:

TABLE I

II (cont'd)

Cloudy; Hot and Muggy

107

TATM: 76°F
PATM: 29.3 in Hg
% Engine RPM: 70%
Traverse Location: White Pipe Midsection -~ downstream of venturi
T
Position = - Freq.
_{in) (x10 7 sec) Peak KHz 91 92 93
Wall
1/8
1/4
1/2
1.0
1.5
2 Flow]too turbulent to
3 ¢btain data
4
5 50 25 450
6 50 19 450
7 50 16 450 [11)2910572 k16)2935814 | (22)2924349
8 50Q 16 450 [10)5524261 {16)5569545 }(22)5542501
9 50 18 OFF [l1l)2831a0 18) 298691 (25)285677
10 50 17 OFF {10)170702 17)221082 (24)172542
11 5Q 17 OFF [10)228537 17)2846Q1 (24)227429
12 5Q 17 OFF [10)917536 17)9720Q3 (24)912725
13 5Q 17 OFF [10)148862Q {17)1545255 }(24)1488042
14 5Q 17 OFF J10)2026183 {16)2138165 }(24)2059325
15 50 17 OFF Y1Q)613665 17)684482 (24) 611508
16 50 17 OFF §10)428275 17)519230 (24)427478
17 50 17 OFF §1QG)517022 17)620985 (24)514414
18 5Q 16 201.7K10)442777 16)519808 (22)453310Q
- 19 50 16 202,3§10)432739 16)515539 (22)442737
20 50 16 202.3§10)431842 16)511524 (23)446011
21 50 16 202 X10)1421940 §16)1651761 }(23)1472504
22 50 17 202,.3K10)849031 {17)961261 (24)889312
23 10Q 1Q 464 ,6¥ 7)4412423 J1Q)4710944 §(12)4574755
24 100 10 458 ,1K 7)3176170 ]10)33592851 }(14)3306032
25 10a 12 462 ,9K 8)4619898 [12)4734000 }(18)4714457
26 200 9 462.2K 6)92206946 919274611 1(13}9249044Q
27 200 12 465,2(8,5)1626573}12)1667111 {(18)1644383
28 .
28,3 Flow] too turbulekt to
29.¢ btain data
Wall ]
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TABLE II1 (cont'd)

%, Date: .9 August 1979
Weather Conditions: Hot and Muggy; Cloudy
TATM: 80°
PATM: 29.9 in Hg
% Engine RPM: 50%
Traverse Location: 10 Feet downstream from flow conditions
Semple Freq
Position |{Time Peak . g g g
(in) (x10" sec) KHz 1 - 3
Wall
1/8
1/4 FloW too turbuleht
172 td obtain dat
1.0
1.5
2
3 100 35 (18)15560555](35)15752448{(51)15578521
4 100 32 (17)424792 (32)520829 [(47)435619
5 100 29 (16)256801 }(29)323414 }(44)262745
£~ 6 100 29 (16)284668 1(29)357915 [(41)287569
4- 7 100 27 (15)261557 {(27)331407 }39)263005
8 100 27 (15)314701 1{(27)396065 }(38)314751
9 100 26 (15)438844 {(26)552396 {(38)437123
10 100 25 (14)280910 1{(25)352519 {(37)280990
11 100 24 (14)478196 {(24)575624 }(35)476802
12 100 24 (14)847178 }(24)987599 }(35)842220
13 100 2 (13)543486 1(24)620550 }(35)541862
14 100 24 (13)548784 }(24)612410 §(35)545961
15 100 25 (13)604889 }(25)659831 {(34)603295
16 100 24 (13)660930 {(24)721293 1(34)659732
17 100 24 {13)655692 }(24)713300 {(34)654759
18 100 24 (14)1043554 {(24)1147614 {{35)1039499
19 ioo 25 (15)1063584 {(25)1174962 |(36)1060374
20 100 26 (15)642866 |(26)725200 ](38)643145
21 100 27 (15)868899 {(27)985960 ](39)870453
22 100 28 (16)891130 }(28)992034 1](40)893590
23 100 29 (16)1075380 |(29)1181281 [{42)1080484
24 100 31 (17)1467532 }(31)1593107 {(45)1481935
25 100 34 (18)1485796 |(34)1591301 }(49)1498302
26 200 19 (11)4581320 }(19)4673377 {(27)4594534
26.5 200 20 (12)9509324 1(20)9568392 }(28)9515021
28
28.5 Flow!too turbulerjt
£- 29.0 tolobtain data
x5
Wall

.. .. e~

s L o
TTte At o sl
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TABLE III (cont'd)

== Date: 9 August 1979
Weather Conditions: Hot and Muggy; Cloudy
TATM: 80°F
PATM: 29.9 in Hg
% Engine RPM: 70%
Traverse Location: 10 Feet downstream of the flow conditions
. Sample
Position |{Time X Freq.
(in) (x10 2sec)| F&3K | kg 91 9, 93
Wall
1/8
i;g Flow too turbuleht
tq obtain data
1.0
1.5
2 200 13
3 200 12 ( 7)24105821)(12)24173578K16)24135666
4 200 11.5 { 8)6030855 [(11.5)608594X16)€6033957
5 100 19 (12)653475 [(19)683387 F28)656437
5 100 18 (11)834292 §(18)922187 K26)840525
7 100 17 (11)213420 {(17)258603 {25)214722
8 100 17 (10)217725 {(17)269563 24)217300
9 100 16 (10)204563 {(16)251134 [}24)204955
10 100 16 (10)234257 |(16)284757 [(23)234179
11 100 15 (10)236478 }(15)280573 |(22)234540
12 100 15 (10)339072 |(15)343746 [(28)338160
13 100 15 (10) 492253 1(15)544224 {(22) 488237
14 100 15 (10)902919 |{15)973729 [(22)898881
15 100 15 (10)1071694 [(15)1142019 [(22)1067223
16 100 15 (10)583821 1(15)624640 k22)580567
17 100 15 {10)1056135 |(15)1121813 |(22)1050343
18 100 16 ( 9)522677 [(16)567442 [{22)522024
19 100 16 (10)514979 [(16)568982 (23)513812
20 100 16 (10)513822 [(16)581191 {(24)514600
21 100 17 {10)461152 {(17)521469 }(24)462363
22 100 17 (10) 484825 }(17)531354 {(25)485843
23 100 18 (11)350325 (18)380276 §(26)350935
24 100 19 {11)494122 §(19)530063 }§(27)498444
25 200 12 ( 8)2095773 §(12)2188717 [(17)2101316
26 200 13 ( 8)3528064 {{13)3579746 [(17)2528785
27 200 13 ( 8)1231293 §(13)1269461 }(18)1233399
28 200 14 ( 8)6585646 |{14)6643596 }(19)6598593
€= gg'g Floy too turbulgnt
<> : to jobtain data
Wall
109
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TABLE III (cont'd)

ik skt 3 6 e s

Date: 14 August 1979

; <&
3 i :
:§ =~ Weather Conditions: Cool; Cloudy
i TATM: 76°F
|2 PATM: 29.74 in Hg
{i % Engine RPM: 50%
Traverse Location: 12 inches inside Inlet Bell Mouth
oz .. |sample :
Position |Time_ Peak | Freq. g g2 g3
L 5 (in) (s10_"sec) KHz . :
i Wall
i;g Flow {too turbulenjt
s to jobtain data
1/2
1.0 400 9
1.5
2 400 12
i 3 300 15 ( 8)14695670](15)147131894(18)14696885
4 200 22 (12)21629326§(22)21677593}(31)21630616
5 200 21 {(12)16513922{(21)16558774{(32)16511220
B 6 200 22 (12)2517181 {(22)2611933 {(32)2519044
& 7 200 22 (12) 2002023 §(22)2103693 '§(32)2002767
8 200 22 (12)875975 1{(22)935869 (32)874304
9 200 22 (12)1625910 |(22)1678255 {(32)1624484
10 200 22 (12)2491226 {(22)2522280 (30)2490536
11 200 21 (12)2874723 }(21)2899781 {(32)2875601
12 200 22 (12)4735449 {(22Y4768427 {31)4735656
13 200 22 (12)2885029 }(22)2908513 §{(31)2884216
14 200 22 (12) 3587837 }(22)3615577 {(32) 3588500
) 15 200 22 {12)3011622 {(22)3035870 {(32)3012613
§ 16 200 22 (12)1849608 {(22)1873099 [(30)1848131
17 200 21 (13)930947 §(21)955172 }{31)930890
1¢& 200 21 (12)506048 (21)532066 }(31)505524
19 200 21 (12) 481574 (21)507459 (32)482180
20 200 21 (12)469053 (21)495111 }(31)469508
21 200 21 (12)683058 }(21)714456 (32)684698
22 200 22 (12)956819 {(22)980122 }(31)956728
23 200 23 (14)4580805 {(23)4605263 }(31)4580902
24 200 21 (11)4122770 {(21)4152630 {(30)4119637
25 200 22 (13)3176326ﬂ(22)31794766(32)31765819
26 200 22 (12)4986239 }(22)4997042 |(31)4984290
27 200 24
28
> 28.5 Flow]too turbulegt
2. 29.0 tojobtain data
Wall
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TABLE IIT (cont'd)

Date: 14 August 1979

ES
i

Weather Conditions: Cool; Cloudy

TATM: 76°F
PATM: 29.74 in Hg
% Engine RPM: 70%

Traverse location: 12 inches inside the Inlet Bell Mouth

gample
Position ime Freq.
(in) (x10 ?sec) Pe2K| xus 91 92 93
Wall
152 Flow {too turbulenf
to jobtain data
1/2
1.0
1.5
2 .
3 200 14 ( 9)12634916(14)126828561(21)12632156
4 200 15 { 9)12822860§(15)12858346§21)12817671
5 200 14 { 8)10419959}(14)10454637{(20)10423683
%% 6 200 14.5 { 9)1547597 {{14.5)1580663§(20) 1544669
. 7 200 14 ( 9)887005 |{14)921072 }(20)887320
8 200 14 ( 8)892228 {(14)926464 }(20)891385
9 200 14 { 9)1933236 |{14)1975473 {(20)1934665
10 200 14 { 9)3104333 {(14)3135995 |(20)3101416
11 200 14 ( 8)5872926 §(14)5906459 {(20)5869768
12 200 14 ( 9)6572190 1(14)6606513 |(20)6567694
13 200 14 { 9)3948264 {{(14)3970150 1(20)3946309
14 200 14 ( 8)3648992 {{14)3676448 {(20)3649722
15 200 14 ( 8)2940503 }(14)2961741 §(20)2939379
16 200 14 { 9)1738402 }(14)1757662 {(20)1738934
17 200 14 ( 9)974527 1(14)998525 {(20)972445
18 200 14 ( 9)506000 {(14)529381 (20)506797
19 200 14 ( 8)496758 1§(14)524118 }(20)496656
20 200 14 ( 9)501683 {(14)528086 }{20)500855
21 200 14 { 9)549775 {(14)571728 {(20)548812
22 200 14 ( 8)1210951 }(14)1236828 [(20)1210166
23 200 14 { 9)8080714 {(14)8116125 }(20)8080115
24 200 14 (10)28440603(14)28464170§(20)28441120
25 200 14 {( 9)12882528(14)128992571(20)12880598
26 200 15 (10) 3656545 (15)3665448 |{21)3655973
27
28 Flowltoo turbulert
. 28.5 tojobtain data
- 29.0
wall
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APPENDIX C

LASER VELOCIMETER DATA REDUCTICN METHOD

The first step in the Reduction of the Laser Velocimeter

data is to calculate the fringe spacing:

L
5S=5p

where: S

e
>

A
u

1

fringe spacing
distance from Laser Beam intersection
point to a reference perperdicular surface
onto which the beams shine (See Figure 48)
the distance the two beams are apart at
the reference surface (See Figure 48)

6

frequency of helium~neon = .6328 x 10 m,

refractiyve index of air = 1,0

The next step is to calculate the included angle that

the two Laser Beams make at the focal point (See Figure 48):

tan 6 =

-~

o]
o

included angle = 2(6)

The third step is to calculate the number of fringes

present in the intersection of the two beams:

# of fringes =

beam width
S

where: beam width = 1.1 mm (in this application)

o by,
W

"
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The fourth step involves the calculation of the mean

gi velocity at the point in the flow. The formula to be used
<k .
here is:
z U= S -
3 (Peak -3) (Sample Time)
Z At this point, the Peak can be found from the Oscilloscope
§> display as indicated in Figqure 55. The sample time is as
? set on the Digital Correlator and has the units of micro
§ seconds (x 10—6 second) .
% The fifth step, or the turbulence intensity calculation,
%‘ involves first, the calculation of R:
R= 927 %
92 T 93
; where:
9, = the first minimum point
fgz .
s g, = the first peak

g5 = the second minimum point

9.+ 95 and gy are illustrated on Figure 55.

then
1/2
n = l % (R—l) + .._];2_]
v 2N
where: 1N = turoulence intensity
N="o
S

r0 = laser beam radius = .55 mm

-

S = fringe spacing

113
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(Peak)

91 93
. st nd
(17 "valley) (2 valley)

Oscilloscope Readout

Pictorial View

Figure 55 Oscilloscope Readout for Mean Velocity and
Turbulence Intensity Calculations.
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I£f, during the calculation of n , a negative value

wde
I

. is arrived at, then the value of the turbulence intensity at

that point is taken to be zero.

If the Phase Modulator is in the circuit while the

data is being taken, then the calculation of mean velocity
and turbulence intensity is slightly different.

First, calculate mean velocity by the standard method:

S
(Peak -3) (Sample time)

U*

Next, calculate the doppler shift fréquency with the

Phase Modulator Input:

« _ 2U*.sin (29)
a Y

e}
*
|

F.* = doppler shift frequency with Phase Modulator

U* = mean velocity with Phase Modulator
(28) = included angle
A = frequency of helium-neon - .6328 x 1070

Next, calculate the doppler shift frequency without

the Phase Modulator:

d -
where
Fq = doppler shift frequency without Phase Modulator
AF = the freguency shift imposed on the Phase Modulator

by the drive unit. This will be plus or minus
depending on whether the drive unit is in the

drive (+) or inverted (-) mode.
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1 E ‘§; U= Fd A

i,

where:

c
]

mean velocity without the Phase Modulator.

To caucluate the Turbulence Intensity involves a

slightly different formula than before

Bon B b
2N

i
T

=
N
E ] -

o

o B o g4 10 0
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3 APPENDIX D

LASER VELOCIMETER NUMEPRICAL RESULTS

Employing the data reduction method as described in

Appendix C and the data from Appendix B, mean velocities and

Wb, AP [ BT PG e Aol ot

any

turbulence intensities have been calculated for the data

points of each traverse. Each set of calculations for each

MY KT O RN D e

of the respective traverses contains only those data points
where readings were made and excludes those points where
the flow was too turbulent or slow moving to obtain the

: required information.

N

iy
%

R IR




-~ s
St~ G S b
e A

SHE

b rs LR N IO RS IV I

+
L)

b
L1 d

Eeotin s ot e s nll e o 0t

P
o

_
2269° 69Z°GE | ¥8G9%P "¢ 69° €L 9¢ 00T vZ
EVTL” 9L8°EE | €8€9GZ "¢ TL°08 vZ 00T €2
€€e€8° | ZzZ8 6T | TELY9L T 9T " ¥6 12 00T 2z
GLEG® LEE 0T | £L60202" T £6°G0T 61 00T 12
0°T] s¥S°2 | S96€00°T 66°21T 8T 00T 0z
0°T 0 | v9sv86" 66°CTT 8T 00T 6T
0°T 0 | ¥v6LS96° 66 C11 8T 00T 81
0°T 0 | L8L6S6" 66°CTT 81 00T LT
0°T 0 [ 9080L6" 66211 8T 00T 9T
0°T 0 | 9%LLS6" T | 66°ciT 81 00T ST
0°T 0 | 2v2696° 66°CTT 8T 00T v
0°T 0 | Lzvole® 66 CLL 81 00T €T
0°T 0 ! 0T8€LE" 66°2TT 81 00T 2T
0°T] 066°T | 2L6866° 66°2TT 81 Q0T 1T
SLEG® 6G€°8 | €1T62T "1 €6°G0T 6T 00T QT
£€€8*" 96T°ST.| 8669%%" 91 %6 12 00T 6
06.° | 686 9z | ZEBEZT T pL FS _ £2 00T 8
89" T2 TE | GLEVT6' T 0 LL G2 00T L
|= 355" 62£°22 | ZOEGLE"T LL"T9 0€ 00T 9
LTS 0 9899T19° Vv °8S z€ 00T S
wso | (8)u ¥ «0 |[oos/az| ZF ZH ZH | ses/az (008 __0TX) (uT)
a i n 3 1V «P3 «0 | desd 6~ swrg uoratsod
a7dwedg
Wy 0T ¥ 99715 =8
{zo3eTnpoR o5eyd) TTI9D bbeag ON :s3zuswwo)d $0S Wdy @utbhuz
uot309spTW @dTd ©3TUM {UOTITSOd 6L6T ATnL TE ' :93eqQ
AI TTEVL

118




| |
w cecy’” 87z ST ITO600L"T | 6299 | 98°L¥ 86GL06° €19V’ 8889¢€°T 2'ZL [ 002 Lz W
€T0G” 6LG°8T |TGS696°T | ¥269° | #9°9S LLELO T] TS99%"° L35€S"T}| 2z 18 IT 002 92 L
I S8¥L” STL bz | vZLES T | CTI8L" | 85°¥8 6SE09°T) L6%F" 6Z2ESQ°C £°80T ST 00T Y4 ,
b 08~ 00C° b2 |9898fW "2 | 666L" | OV"06 68ETL T L8ZY® 6G2hT1 2| TC €TIT| S ¥T 00t 44
Lﬁ 6LSL" 86L°0€F [895860°€ | £688° | ¥9°G8 29€29°TI  BI0C° 20628°T)| 92°96 o€ 0S 14 .
&& 6168 ° GP8°9T |SC6VSS"T 92°96 0€ 0S A4 ,
: A LSG°6 10609LT"T 96 €071 8¢ 03] 12 1
[ ¥866° ISy € |ECE8TO°T €°80T LT 0S be
78G6° 0 65TP86 " €°80T LZ 0S €1
i ¥866° 0 678986 " £€°80T LZ 0S 8T i |
! 0°1 0 COLTLG" 0°€TT 9z 0S LT
, 0°T 0 LSC996" 0"€TT 9c 0s 9T
1y ” 0°T 0 LS0086° G €TT 9¢ 0S ST
G ¥8G6° 0 B88YL6" £°80T L2 09 2T
b 9G0°T| peES ¢TI | veZEe T | 18To6° | OE"6TT 98T9Z°2 6T0C’ 9LE€9% 2| G6°621 194 0S £T
' 960°T] €29°TT | 6.%82°T | 18T6° | TE 61T 90z92°q _Lioe” 9L€9% 21 66621 1 %4 0S 1
m ZST T e€ov LTl L€00L°T | TTS8° | OE"0ET BEOLY "2l E€8EV” 89868°C| 68°¢ST 0c 0% 11
] ZST°T| €0z 6T | TT6¥8°T | TTIS8° | €T 0OEL g0L9% g O9TER’® 89068°2| 68°2ST 0¢ 0Ss 0T
! ZTo0°T] o0z zz| L9LsT-2 | €9€8° | 0P PIT p6891°¢ GSheCv” ppeE6S 2] 6L°9ET z2 0S 6
i ' 9L€8” TEV 6T | T6226°T} 6T08" | S9°¥6 ShheL T SeEVP" G6LEZ Z) Y0°8TT BT 00T 8
5 * 8sy8" Zv0°TZ | _S62L0°C| L608° | 8G°S6 GIZT8°T 8GZV" G6LEZ"Z] V0°BTT 1 00T L
% 8LCEL" 890°8Z | ST096°¢ | 606, | £€9°G8 6EETO9"Ty 66C%" 62£60°2] 0€-80T 6 002 9
yzfm 066" 8€9°9Z | 86868°T | 09€L" | 8L"6S LEEET T GO0%° L368S T} 2218 1T 00¢ 9
! 8GEV” €zL €z | 82T¢C9° ¢ | 0T89° | ¥T 6V 9beECe”’ peev” 9889¢°T 2°2L [ 00¢ 17
uso | (8) U a 1 | 0os/33 90T * M| ‘o1 x 2| 90T T *| 098/33) yooq Emmmmmﬂv (ut)
E F V. % F *0 oTdliEd uoTtlTsod
2wuoa X T9°6€ = S
M (zo3rnpoW @s®yd) TI=D pbeag :s3IUSUMOD 20§ :Wdy sutbum
k_w, * ’
“ uot3o9spTW odTd ©3TUM 3UOT3ITSOd 6L6T 3Isnbny L :@3ed

(p,3uo0d) AI JTIVL

o gl b A
W W g LU il gy F




, .g,,.u,;m_,_;ﬁm% éﬁw i oy

veez” 69C°OTISTOE8L"T| T099°) 99°L¥ 99¢€06° Zs9yp” 9889¢ T} 02 2L Zt 002 LT
LT €L7°GZ)1 29192 ¢} 6FLL | T6°68 60T65°1 AN A 62£60°2; 0€°80T 6 002 9¢
09° 66T Sy 01SREQ"G] 6CEB "} L6°@TT! €9%LT"Z YAK A €GLEL"Z] 6E°BVT Z1 00T 9g
0208° bT9°Z€10¥621v €| 0898°} ST TST) 69T90°¢ 18G6¥° 6L6TS "€l 69°G8T 0T 00T ve
0908° 2S56°721T19616T°2) 08981 ¥T°T9T| 6TGS0°% 9p9¥ - 6L6TS €] G9°G8T 0T 00T EC
| 76L8° DEP-9T|G586GG"T] GCh6°| 86 VLT 6VLTE"E €zoz: 6L6TS €| G9°68T LT 0S A4
3976 PpL TT]GL028C T)] 8996°| 62 68T | 2588G°F 020z " ZS06L"E} £€6°66T 91 0s 1c
8976" €TE°0T}8L29TZ"T)] 89V6°1 62 68T| 2T88G"E €coe” ZS06L°€} £€6°66T 91 0s 0Z
8076 " 9L7°8 |ZEELET"T) 89V6"] 62 681} TZBBG € €coe” CS06L°E[ €6°661 9T 0S 61
8o9v6"° 998°8 [96€8ST T BI9V6"| 6CT°68T} CZBBS'E LI02" CS06L°€] €6°661 91 0s 8T
9826° 0 82GGL6” G9°681 LT 0s LT
9826 ° 0 PTETI66” 69°5871 LT 0§ 91
9876° 0 A AATAN G9°68T LT 0s ST
0°T 0 6VLEQ6” €6°66T 91 0§ bT
9826 0 L63686" G9°68T1 LT 0s €T
98¢26° 0 0¥88I6° G9°681 LT 0§ Zt
98¢6° 0 029086° G9°S8T LT 0s It
98¢C6° CLO'% | LO6LEO"T 69°681 LT 0s 0t
L998" 9FpT°0Ti87T086T "1 LZ ELT 81 09 4]
€188° 62V LT{9GY¥L9"T| €T88°| 6T 9LT| ZSOVE'E 0S¥y’ 2S06L°€] €6°66T 9t 0s 8
£188° 6IC°€C1LG9T0Z 2| €T88° ] 6T 9LT] C¢GOVE"E 0S¥y ” ZS06L°€1 €6°661T 91 0s L
LE6Y" 0 6EG8° | OL"BET| ¥.629°C oSy’ PL6L0°€E) #P 29T 6T 0S S
ceLy” 0 T66L° V' v6 G868L"T 0Sv* G86¢C 2| ¥1°8TT ST 0§ S
oes x
ueo, (3) U o n |oessaz [o0T ¥ 2H 0T % 2H 40T X 2H SEEVEE! seod ( mmmMB‘ (ut)
a n n vm 39 ¥©m *{l mamEmm_ UOT3ITSOd
gy 0T X T9°6¢ = S
(xo3eInpon oseyd) TT1eD bbexdg :sjusumod $0L WY aurbugmg
uoT308sPTW odTd 23TYM :UOTITSO4 6L5T 3Isubny L :983eq
(PL3u0D) AI ITLVL
S

120




4
L LT pSE° LY PLI9OT"T 8THS* 86°0¢ 0c¢ 002 g°9¢
2969 " GTZ 6y 0Q9L9T°T (A N4 16°2¢ 61 00¢ 92
OLLI” gge-"8] 8HPVET"T 86 €€ 4% 00T sz
AT L0Z2°81 9G66¢2T"T . 29°LE I 00T bz
3,08 ° Bzl ¥l 2¢L0¥0°T 16°0¥% 62 00T £z
098" c6L° €] 66¥20°T £1°CVh 82 00T zZ
0628 ° z2z6°zl SpeI0’T 88°€¥ LZ 00T 12 .
TET16° LG8 T] 0FEO00 T} . 6L SV 9z 00T 0z !
cv96” 0 66TLE" L8 LY ez 00T 6T
| _0°'T 0 6%296° ST°09 9Z 00T 81
0°T Q 90¥86" ¢T°Q¢S ve 00T LT
0°1 0 75086° GT°0§ pe 00T 971
SvG6° 0 T8TILE" L8 LY %4 Q0T QT
0°T 0 TGLS6" S1°0S A4 00T i u
0°T 0 9€6L6° ST°0S (X4 00T £T |4
0°T 0 06596° BOVS " G1°08S j A4 00T rA i
0°T 0 768586 g0%S " ST 0S¢ X4 00T 1T
0°T £G6L°0f CITO0"T yivs’ 91°0s vZ 00T 0T
7S6” 0 L0586 1A L8 LY 114 00T 6
TeTe” 886G 016FT9000° T 90ps" 6L°GY 9¢ 00T 8 |
psL8° GLZ €| LTT2O0"T 90¥%S "’ 88°¢€Y LZ 00T L
pGL8° TLS V| PCIFO'T 134012 88°€td LZ 00T 9
3L08° SO L) /6.60°T 0P IS0V 6¢ 00T S ‘
creLl” €zo*g8| 9cLeT 1 £6ES° ZE°9¢ 43 00T b
969" ggegtL) LZEOTT STyS” T16°¢C¢E Ssg 00T €
. Z2H -
o e q "®%n  |oes/az Py 0T * 28 mm 03S/33| yeaqg Aommmnmwww (ur)
n n n 3V ¥ 3 n ordupg | WOTITSCd |
Wy 0T ¥ 2OT'ZE = S
{(z03eTNPON 2seyd) TI8D phexsy ON :S3Uusuuo) 205 :Wa9 autbhur
5X2UOTITPUOD
MOTJ IO weaxjzsumoq 399 0T :tuotT3Tsod 6LE6T Isnbny ¢ @3ed

{(p,3u0D) AI HTdYL ,

u '

s’




pSbs 8L0°2T} 96.8Z°T SN L8 LY vl 00¢ 8¢ _
09° 965°GS! 0¥8G0°T 99°¢S £t 00¢ LZ ,
09° 9/6°9] ¥9260°1 99°¢s 3! 00¢ 9¢ :
£899° 9TL L] LG960°T 99°86 4 00¢ ¥4 ,
L GZV 8 699t 1 £€8°G9 [ 001 Ve
08~ TO0S €[ 62020 T TZ 0L BT 00T £C !
TLG8 " 9T9°¢| LECcO T €C GL LT 00T Z2 I
AL LV €| 6v0C0' T . €C GL LT 00T T
TEZ6" 5oL g§OTI0 T Z0 18 9T 00T 0¢
TECG” 0 .| GB8LG6 . Z0 18 o1 00T 61
TEC6" 0 29586" Z0" 18 9T 00T 8T 1
0T 0 t0616 " LL™L8 G 00T L1 ' ,
0°1] O 196" LL L8 ST 00T 91
0°1] O Z2¢0v6° LL L8 Gl 00T GT
0°T] 0 0976 LL°L8 Gl 00T A
0°1[ O X4 XAN LL7L8 ST 00T €1 o~
: 0T 0 TL9E8” LL°L8 ST 00T z1 ~
— T 01 0 06L%6" LL"L3 ST 00T TT
TEZ26" L6 0 9v866" Z0 18 91 00T 0T
Ttc6" GGv-¢| 6v800 1 C0 18 91 00T 6 g
TLEE™ 0 LB166" T oL LT 00T B i
TLG8" V60 | L9620 L €C GL L1 001 L
08" IV6 €] VELCO T2 0L 8T 00T 9
0GL " 79V L] L6601 T 8CVS €8°G9 61 00T 5
BGO0L " 867 G| L96G0 1L BIVS " G619 |G LL 00¢ v
£999° 0 852009° 0vs " 16 86 A 00¢ 3
EN 0 0%S" 99°¢5% €1 002 Z
ZH
nmom () u h cmom oes/33 P; 0T ¥ ZH | pZH Pas/a3 xmmmﬂommm-wwmw (ut) fw
n n n 3V % 3 x0 ordueg| YOTITSOd | | M
_ Wy 0T X 2OT'2E€ = S ] ‘ 1
: (xojeTnpon aseyud) TI130 hhreag ON @ S3uBUMOD $0L Wy suTbud
; SID2UOTITPUOD 1
; MOTJ JO weaxjsumod 3@d4 QT :UOT3ITSOd 6L6T asubny ¢ :93eq
(p,3u0D) AI FTAVL |
s
0 | _
i

N —————— R s asss dhn i A

- o " . ' .
. e - -
- - i . . e - -




306 ° 0 2L b Ve 002
0°T 0 9LLY8" ZE' LT A4 002
0°T 118°9 97880°T ZE LT zz 002

960°T 0 $0606° 78°8¢2 T2 002
6676° 226°T 86E00°T G6° G2 X4 002
0°T 0 T1966° 2E°L? A4 007
960°T opv°S TIGS0°T y8°82 12 002
960°T 89Z°¢ LLLTO T 78°8¢C T2 007
960°T 8TL°E L6E€Z0°T y8° 82 IZ 002
960°T 0 97086° 78°8¢C T2 00%
0°T L69°0 59.66° ZE°LZ zz 002
0°T 0 P80V 6" 2E LT 22 007
0°1 £28°% T92Z50°T ZE*' LT zzZ 002
0°T £G6L°€E 67720 T ZE°LZ 22 00Z
0°T 0 ¥G996° TE" LT 44 002
0°T 602°2 z€900°T zZe* L2 22 002
960°T 08¥%°'¥% TE9E0"T ¥8° 82 T2 002
0°T 0 9Z8L6" ZE°1Z zzZ 002
0°T 0 BbELG" ZE°LT 2z 002
0°T 0 982L6" ZE° LT &4 002
0°T 9ZE°T LELOO T ZE* LT 44 002
0°T Tvv € 90020°T ZE LT z2 002
960°T 0 8TIEP6" ¥8°8¢C 1z QQ7,
0°'1 876°€ 9%L20"'T ZE° LT ZZ 00%
9G60°T 6LZ°9 ZSYLO°T €8°8¢C ST 00§
9G60°T 0 78°8¢C ZT 00¥
I T IV . «0  |o°s/33 o 2l o oes/33 | weeal oS6-%)
n n n F FV ¥ F ¥l aTdues uoT3lTsod
wwr . 0T X $9°TE€ = §
(TojeTnpol @.TUd) TTSD bbeag ON isSjUSUWOD 306 ‘WA
YINOW TISF ISTUI 9PTSUI SSYDUT ZT :UOTITSOd 6L6T aIsnbuy T

(pP,3uU0D) AI IJTIdVL

[ ;o

g o




i
1
0°T 0 £96£6° 61" LY 7T 002 97
0°T 0 LSG68" 6L LY 71 002 S¢
0°Tj G0L"T €EyZ00°T 6T LY VT 00¢ vZ
0°T 0 LEEBG" 6T LY 7T 002 £2 \
0°1 0 960L6" 6T L¥ 7T 002 (A4
0°T 0 86LG56" 6T LY PT 002 N4
0°T 0 65696° 6T LY N 00¢ Q¢
0°1 0 62966° 6T LY 7T 00¢ 6T
_ 0°I, ¢2¢Zv ¥ 6CGEQ" T 6T LY 7T 002 8T
0°T 0 LT0Z6" 6T LY ) PT 00¢ LT
0°I] 600°¥% Ip820° T 6T LY i 00¢ 9T
0°1 0 7L696° 6T LY vT 002 ST
0°Tl 2E6°¢E TELZO"T 6T LY PT 0Q¢ 7T
0°T 0 96LT6 " 6T LY VT 00<¢ €T 4ﬁ
0°T 0 gTves8" 6T LY PT 002 [Al u;
0°T 0 £6ET6" 6T LY 7T 00¢ TT _
0" T Q 29sT16° 61" LY . PT 00¢ 0T
0T} LOp°¥ Z0GE0°T 6T LY 7T 00c 6
0°1 0 LG6SL6" 6T LY 7T 00¢ 8
01T} 0€6°C £€600°T 6T LY vT 002 L
£9S6° 0 G9816° ET°SP AN 00¢ 9
0°T} ¥iI6°L T€02T°T 6T LY - PT 002 S
G916 " 0 EyeL8’ GZ Y ST 00¢ "4
“0°1 0 968¥%6° 61" LV vT 00¢ 13
Too oo N .
T | x| o] | g | B | e [ et
n n 3 3V % 3 *0l a1dureg
ww 0T X p9°TE = S
(103eTNPON oseyd) TTeD Hbeid ON  :S3IUSUWOD $0L :Way outhud
YanoW TTo§ 3STUI SPTSUI SSYDUT gT :UOTAITSOd 6L6T 3snbuy pI :93ed

| (p,3u0d) AI STIVL




R U - - —

AFIT/GAE/ARA/79D-16

LR LERE Y AR PN B

t
P

s

APPENDIX E

HOT WIRE ANEMOMETER DATA

A total of five traverses were made with the Hot Wire
Anemometer equipment and the following Table V is a listing of

the data as bbtained.




TABLE V

,-mlh'

HOT WiIRE ANEMOMETER DATA

Date: 23 August 1979 P

29.21 in 4
o in Hg

14.3466 1bf/in2
397.1100 in H.O

Position: 12 inches inside
Inlet Bell Mouth

]

2
Probe: 8477 T, = 75°F
Rset 8.69 RPM: 50%
Position |Volts | RMS P P (PSI) Temp.
(in) (in. H,0) - (°F)
18 2.495 1 .0075 .3645 14.33343 75
16.9 12.4931.0072 .3705 14.33322 75
16 2.4961.008 .365 14.33341 75
15 2.497 1.0079 .3695 14.33325 75
14 2.497 § .009 .3635 14.33347 75
13 2.492 1 .009 .3595 14.33361 75
12 2.487 1 .008 .3640 14.33345 75
11 2.487 | .006 .3790 14.332910 75
10 2.495 1 .0065 .3805 14.33285 75
. 9 2.499 1.006 .3820 14.33280 75
- 8 2.501 | .008 .3810 14.33284 75
7 2.492 1.008 .3820 14.33280 75
6 2.4950 1.00395 . 3820 14.33280 75
5 2.495 1.011 .3820 14.33280 75
4.5 12.488 } .01 .3830 14.33276 75
18.3 {2.503 ].007 .3830 14.33276 75
19 2.498 1 .0075 . 3856 14.33267 75
20 2.496 | .0075 .3820 14.33280 75
21 2.503 71 .007 .3830 14.33276 75
22 2.505 1.0075 . 3840 14.33273 75
23 2.502 | .0065 .3835 14.33275 75
24 2.501 | .0065 . 3860 14.33265 75
25 2.502 1.009 .3778 14.332%95 75
26 2.499 | .008 -3750 14.33305 -75
27.1 12.492 .009 .3765 14.33300 75
28 2.490 .01 .3755 - 14.33303 75
17.5 12.493 1.007 .3785 14.33293 75

"
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TABLE V (cont'd)

o FOT WIRE ANEMOMETER DATA

Date: 23 August 1979 P 29.16 in Hg

O

14.3220 1Bf/in2
396.3220 in H.O

Position: 12 inches inside
Inlet Bell Mouth

]

2
Probe: 8477 TO = 76.5 °F
Rset: 8.69 RPM: 70%

Position{Volts RMS P Temp.

(in) (in. H20) P (PSI) (°F)
18 2.695 |.0068 1.0045 14.28571 76.5
15 2.698 §.0058 1.0030 14.28576 76.5
12 2.640 } .0065 1.0065 14.28563 76.5
9 2.665 | .0084 1.005 14.28569 76.5
6 2.691 }.0093 1.0046 14.28571 76.5
5 2.6875} .0130 1.006 14.28566 76.5
4.5 2.693 §.0135 1.006 14.28566 76.5
18 2.6925¢ .00975 1.006 14.28566 76.5
21 12.701 ] .006 1.0075 14.28560 76.5
: 23 2.70253 .0058 1.0068 14.28563 76.5
- 26 2.702 1.0072 1.011 14.28546 76.5
27 2.704 {.0074 1.011 14.28546 76.5
28 2.70451.0086 1.0085 14.28557 76.5
.8 2.695 1.0065 1.0085 14.28557 76.5
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TABLE V (cont'd)
. HOT WIRE ANEMOMETER DATA
Date: 31 August 1979 Po = 29.74 in Hg
Position: 10 feet downstream = 14.60687 1bf/in2
from Flow
Conditioners = 404.32 in HZO
Probe: 8477 To = 76°F
Rset : 8.69 RPM: 50%
Position} Volts RMS P Tenp.
(in) (in. HZO) P (PSI) (°F)
18 2.553 .011 3.34. 14.48617 76
17 2.553 .012 3.315 14.48711 76
16 2.554 .013 3.3115 14.48723 76
15 2.540 .017 3.3110 14.48725 76
14 2.530 .020 3.3110 14.48725 76
13 2.520 .020 3.3040 14.48751 76
12 2.510 .019% 3.3040 14.48751 76
11 2.490 .021 3.3090 14.48732 76
10 2.480 .024 3.3060 14.48743 76
- 9 2.460 .027 3.2935 14.48788 .76
- 8 2.440 .029 3.2935 14.48788 76
7 2.410 .031 3.2935 14.48788 76
6 2.390 .033 3.2935 14.48788 76
5 2.360 .035 3.2900 14.48801 76
4.1 2.340 .035 3.2900 14.48801 76
18 2.5480] .011 3.2900 14.48801 76
19 2.5480} .011 3.280 14.48837 76
20 2.547 .012 3.266 14.48888 76
21 2.536 .016 3.266 14.48888 76
22 2.524 .019 3.266 14.48888 76
23 2.500 .021 3.266 14.48888 76
24 2.490 .022 3.266 14.48888 76
25 2.480 .027 3.270 14.48873 76
26 2.460 .032 3.270 14.48873 76
27 2.430 .035 3.270 14.48873 76
28 2.420 .036 3.297 . 14.48776 76
28.55 §2.390 .035 3.293 14.48790 76
18 2.549 .0105 3.285 14.48819 76
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TABLE V (cont'd)

HOT WIRE ANEMOMETER DATA

DATE: 31 August 1979 Po = 29.74 in Hg
Position: 10 feet downstream = 14.60687 lﬁf/in2
from Flow
Conditioners = 404.32 in HZO
Probe: 8477 To =
Rset: 8.69 RPM
Positiorj Volts | RMS P Temp.
(in) (in. HZO) P (PSI) (°F)
18 2.754 .0125 8.768 14.29014 77
17 2.7571 .0135 8.7845 —14.28951 77
16 2.7531 .014 8.789 14.28935 77
15 2.750f .015 8.80 14.28895 77
314 2.730f .019% 8.80 14.28895 77
13 2.723 .020 £.8008 14.28885 77
12 2.7200 .0205 8.746 14.29090 77
11 2.69 .023 8.7605 14.29038 77
10 2.6900 .027 8.8215 14.28817 77
-9 2.6659 .033 8.7966 14.28907 77
8 2.630] .035 §.7880 14.28938 77
7 2.6000 .038 8.6750 14.29347 77
3 2.57¢¢ .039 8.6750 14.29347 77
5 2.530 .039 8.733 14.29137 77
4.1 2.49 .0410 8.733 14.29137 77
18 2.753 .0125 8.826 14.28801 77
19 2.76}1 .0155 8.826 14.28801 77
20 2.750] .01le 8.78¢ 14.28935 77
21 2.73q 017 8.749 14.29079 77
22 2.731 .0185 8.770 14.29003 77
23 2.701 .023 8.770 14.29003 77
24 2.6923 .025 8.770 14.29003 77
25 2.671 .0285 8.648 14.29444 77
26 2.634) .033 8.658 14.29408 77
27 2.60] .039 8.733 14.,29137 77
28 2.501 .041 8.707 . 14.29231 77
28.55 2.54 1 .043 8.707 14.29231 77
13 2.740 .013 8.720 14.29184 77
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¥ TABLE V (cont'd)

HOT WIRE ANEMOMETER DATA

Date: 18 October 1979 P0 = 29.41 in Hg
Position: White Pipe Midsection = 14.44479 lbf/in2
Probe: 8477 To = 70°F
Rset' 8,58 RPM: 50%
Position {Volts RMS P P (PSI) 'ffg,‘%)
(in) (in. H20)
18 2,930 .014 2.4190 14.35764 70
17 2.935 .012 2.4085 14.35802 70
16 2.530 .014 2.4085 14.35802 70
15 2.925 .01l6 2.3965 14.35845 70
14 2.925 .019 2.4178 14.35768 70
13 2.910 .02251 2.4178 14.35768 70
12 2.90 .0350] 2.4178 14.35768 70
11 2.820 .080 2.4178 14.35768 70
10 2.750 .100 2.4178 14.35768 70
4 - 9 2.60 .140 2.4250 14.,35742 70
= 8 2.50 .165 2.4387 14.35693 70
7 2.50 .160 2.4140 14,35782 70
6 2.150 .145 2.4190 14,35764 70
5 2.100 .130 2.4305 14.35723 70
4.2 2,100 .135 2.4155 14,35777 70
18 2.930 .0130)] 2.4130 14.35786 70
19 2.930 L0150 2.4258 14.35740 70
20 2.925 .0165Q 2.4258 14.35740 70
21 2.920 .0165(Q0 2.4258 14.35740 70
22 2.910 .030 2,4258 14.35740 70
23 2.880 .070 2.4258 14.35740 70
24 2.80 .120 2.42586 14.35740 70
25 2.70 .145 2.4258 14.35740 70
26 2.55 .165 2.4283 . 14.35731 70
27 2.40 .180 2.4178 14.35768 70
28 2.30 .170 2.4325 - 14.35715 70
28.55 2.20 .160 2.4325 14.35715 70
18 2.930 012 2.4325 14.35715 70
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APPENDIX F
HOT WIRE ANEMOMETER NUMERICAL RESULTZ
Employing the data from the five traverses, as presented
in Appendix E, the following Table VI is a list of the numerical
results with each traverse being ,on a separate page of the Table.
The data, from which the numerical results were obtained,
was reduced employing a computer program developed by Dr.
Richard Rivir of the Propuls ion Laboratory.
;15 =

= 131
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: ' TABLE VI
HOT WIRE ANEMOMETER RESULTS
Date: 23 August 1979 RPM: 50%
Positioﬁ: 12 inches inside Inlet Bell Mouth
Average Velocity: 32.374 ft/sec

Mass Flow Rate: 11.122 1bm/SeC

U . = 32.487 ft/sec
"Position Mean Velocity] Turbulence U

(in) (ft/sec) Intensity Ucen

18.0 32.284 .02339 1.000

16.9 32.084 .02250 .988

16.0 32.385 .02492 .997

15.0 32.486 .02459 .999

14,0 32.486 .02801 .999

13.0 31.982 .02815 .984

12.0 - 31.485 .02515 .969

11.0 31.487 .01886 .969

10.0 32.286 .02027 .994

i 9.0 32.690 .01864 1.006
i 8.0 32.894 .02480 1.012
7.0 31.984 .02502 .984

6.0 31.786 .02977 .978

5.0 32.286 .03430 .994

4.5 31.586 .03140 .972

18.3 33.098 .02165 1.000

19.0 32.589 .02332 1.003

20.0 32.387 .02336 .997

21.0 33.098 .02165 1.019

22.0 33.304 .02316 1.025

23.0 32.9%96 .02013 1.016

24.0 32.894 .02015 1.012

25.0 32.996 .02787 1.016

26.0 32.689 .02485 1.006

27.1 31.984 .02815 .985

28.0 31.784 .03134 .978

17.5 32.084 .02187 1.000
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TABLE VI (cont'd)
i& HOT WIRE ANEMOMETER RESULTS
Date: 23 August 1879 RPM: 70%

\
Position: 12 inches inside Inlet Bell Mouth

Average Velocity: 56.502 ft/sec

Mass Flow Rate: 19.299 1bm/sec

= Q
Uien = 96.965 ft/sec
Position Mean Velocity] Turbulence U

(in) (ft/sec) Intensity Ucen
18.0 57.089 .01775 . 1.000
15.0 57.538 .01510 1.010
12.0 49.286 L.01775 .865
9.0 52.735 .02247 .926
6.v 56.495 .02435 ,992
5.0 55.979 .03413 .983
4.5 56.792 .0352%9 .997
18.0 56.717 .02550 1.000
21.0 57.989 .01558 1.018
N 23.0 58.216 .- .01505 1,023
e 26.0 58.141 .01869 1.021
27.0 58.444 L01917 1.026
T 28.0 58.518 .02227 1.027
18.90 57.090 .01696 1.000

PRt
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TABLE VI (cont'd)

HOT WIRE ANEMOMETER RESULTS
Date: 31 August 1979 RPM: 50%
Poéitiop: 10 feet downstream of flow conditioners
Average Velocity: 31.193 ft/sec

Mass Flow Rate: 10.812 1bm/sec

U = 37.666 ft/sec
cen
Position Mean Velocity Turbulence U

(in) (ft/sec) Intensity Ucen
18 38.005 .03246 1.000
17 38.002 .03541 1.009
16 38.114 .03832 1.012
15 36.562 .05078 .971
14 35.486 .06031 .942
13 34.421 .06090 .914
12 - 33.383 .05843 .886
1T 31.372 .06588 .833
10 ) 30.397 .07606 .807

9 28.511 .08736 .757

8 26.705 .09585 .709

7 24.144 .10589 .641

6 22.532 .11532 .598

5 20,251 .12672 .538

4.1 18.819 .12986 .500
18 37.442 .03261 1.000
19 37.441 .03261 .994
20 37.328 .03561 .991
21 36.123 .04797 .959
22 34.839 .05763 .925
23 32.364 .06522 .859
24 31.369 .06901 .833
25 30.395 .08557 .807
26 28.509- .10354 .757
27 25.830 .11694 .686
28 24.979 .12161 .663
28.55 22.514 .12231 .600
18 37.552 : .03110 1.000
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TABLE VI (cont'd)
HOT WIRE ANEMOMETER RESULTS
Date: 31 August 1979 RPM: 70%
Position: 10 feet downstream of flow conditioner
Average-Velocity: 55.009 ft/sec

Mass Flow Rate: 18.778 lbm/sec

Upepn = 65-473
Position °| Mean Velocity] Turbulence U
(in) (ft/sec) Intensity Usen
18 66.291 .03116 1.000
17 66.791 .03358 1.020
16 66.129 .03493 1.010
15 65.636 .03751 1.002
14 62.407 .04952 .953
13 61.303 .05107 .936
12 60.826 .05247 .929
1l 57.316 .05995 .875
10 56.285 .07077 .860
9 52.673 - .08829 .804
8 47.893 .09645 .732
7 44.029 .10751 .672
6 40.398 .11337 .617
5 35.887 11772 .548
4.1 31.728 .12874 .485
18 66.135 .03119 1.000
19 67.299 03847 1.028
20 65.635 .04001 1.002
21 63.356 .04297 .968
22 62.402 .04698 .953
22 57.767 .05981 .882
24 56.573 .06543 .864
25 53.361 .07594 .815
26 . 47.877 .09094 . 731
27 44.036 .11033 .673
28 39.278 .12029 .600
28.55 36.986 .12856 .565
18 63.994 .03276 1.000




TABLE VI (cont'd)

HOT WIRE ANEMOMETER RESULTS

Date: 18 October 1979 RPM: 50%

Position: White Pipe Midsection

Average Velocity: 84.393 ft/sec

Mass Flow Rate: 29.354 lbm/sec

Ucen = 126.221 ft/sec

Position Mean Velocity Turbulence U

{(in) (ft/sec) Intensity UCen
18 126.220 .02912 1.000
17 127.539 .02489 1.010
16 126.216 .02912 .999
15 124,901 .03338 .989
14 124.907 .03964 L9590
13 121.029 .04737 .959
12 118.492 .07414 .939
11 99.547 .17823 .789
10 84.833 .23346 .672
9 58.581 .36503 .464
B 44.636 .46751 . 354
7 13.552 .66660 .107
6 13.552 .604171 .107
5 10.919 .58304 .087
4.2 10.918 .60547 .087
18 126,218 .02704 1.000
19 126.222 .03120 1.000
20 124.910 .03443 .990
21 123.607 .03453 .979
22 121.031 .06316 .959
23 113.535 .15012 .900
24 95.173 .27086 .754
25 75.318 .35064 .597
26 51.279 . <4800 .406
27 33.172 .55956 .263
28 23.910 .58686 .189
28.55 16.575 .62302 .131
18 126.224 .02496 1.000
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1 APPENDIX G

; PITOT-STATIC TUBE DATA
% % Two traverses were made with the pitot-static tube, one
% £ at 50% engine RPM and the other at 70%. The position of the
|
; g pitot-static tube was 25.5 feet in front of the J-85 engine

? compressor or about 12 inches in front of the venturi. The

? following is the data which is presented in the following

= order:

A. 50% Engine RPM

% B. 70% Engine RPM

z ke

¥4
O
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TABLE IV

PITOT-STATIC TUBE DATA

Date: 14 June 1979, Run 1

Engine RPM: 50%

- 3 —— [+
P, = 29.42 in Hg To = 77°F
= 399.965 in 320 = 536.69°R
Position NP (In. Hzo)
(In)

2.82 .0168

3 .0228

4 .1304

5 .1564

6 L1676

7 .1792

8 .1948

9 .2032

:- 10 L2104

+ 11 L2252

12 .2328

13 L2404

14 .2500

15 .2508

16 .2528

17 .2596

18.0 L2596
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TABLE IV (Cont'd)
PITOT-STATIC TUBE DATA

Date: 14 June 1979, Run 2

Engine RPM: 70%

— 4 -— [+
PO = 29.42 in HEg TO = 77°F
= 399,965 in HZO = 536.69°R
Position AP (In. HZO)
(In)

2.82 . .2536

3 .3196

. 4 .3824

5 4216

6 .4408

7 .4676

8 .5216

9 .5708

10 6032

11 .6271

12 .6519

13 .6695

14 .689¢6

15 .7056

16 .7222

17 . 7331

18.0 .7440
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APPENDIX H

PITOT-STATIC TUBE RESULTS

Using the results as presented in Appendix G, the P
was converted to inches of water and than divided@ by the
room pressure which was assumed to be total pressure, giving
P/Po' This was then used to determine thé flow Mach number
from the Gas Tables. The room total temperature was used
to determine the speed of sound which when combined with the
Mach number, gives the flow velocity. The results are
presented as follows:

A. 50% Engine RPM

B. 70% Engine RPM
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£ TABLE VIII

PITOT-STATIC TUBE RESULTS

Date: 14 June 1979, Run 1
. . o _
Engine RPM: 50% Ucen 33.987 ft/sec
Po = 29,42 in Hg To = 77°F
= 399.965 in HZO = 536.69°R

Pos. P g M U I-J,
(in in. }_120 o ft/sec ft/sec Ceen
2.8 399.948 .999958 § .016022 1135.86 18.199 .535
3 399.942 .999943 1 .,018155 1135.86 20.621 .607
4 399.835 .999674 1 .021322 1135.86 24.219 . 713
5 399.809 .999609 | .023167 1135.86 26.314 774
6 399.798 .999581 § .023959 1135.86 27.214 .801
7 399.786 .999552 1 .024793 1135.86 28.161 .829
8 399.770 .999513 1 .025902 1135.86 29.421 .866
9 399.762 .999492 ] .026524 1135.86 30.127 .886

% 10. 399.755 | .999474 | .0270166 | 1135.86 | 30.687 .903
e 11 399.740 .999437 | .028095 1135.86 31.912 .939
12 399,732 .999418'1 .028627 1135.86 32.516 .957
13 399,725 .999399 { ,029163 1135.86 33.125 .975
4 399,715 .,999375 1 .029845 1135.86 33.900 .997
5 399.714 .999373 } .0299219 1135.86 33.987 1.000
16 399,712 .999308 | .030040 1135.86 34.121 1.004
7 399.706 .999351 | .030384 1135,86 34,512 1.015
8 399.706 .999351 | ,030384 1135.86 34,512 1.015
141
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TABLE VIII (cont'd)

PITOT-STATIC TUBE RESULTS

Date: 14 June 1979, Run 2
Engine RPM: 70% Ucen‘ 57.001 ft/sec
— s - [+]
P0 = 29.42 in Hg TO = 77°F
= 399.965 in Hzo 536.69°R
Pos. P P
. . = U U
in. | in. H,0 P M ft/sec ft/sec U
cen
2.82] 399.711 .999366 | .030075 1135.86 34.161 .529
3 399.645 .999201 | .033447 1135.86 37.991 .67
4 399.583 .999044 | .036646 1135.86 41.625 .730
5 399.543 .928946 | .038648 1135.86 43.899 .770
3 399.524 .998898 | .039629 1135.86 45,013 .790
7 399.497 .998831 {1 .040775 1135.86 46.315 .813
8 399.443 .998696 | .042896 1135.86 48.724 .855
9 399.394 .998573 | .0443873 1135.86 50.969 .894
10 399.362 998492 | .046159 1135.86 |- 52.430 .920
11 399.338 .998432 | .047114 1135.86 53.515 .939
12 399.313 .998370 | .048095 1135.86 54.629 .958
13 399,295 .9983726 | .048789 1135.86 55.417 972
14 399.276 .998276 | .049592 1135.86 56.329 .988
15 399,259 .998236 | .(50183 1135.86 57.001 1.00
16 399.243 .998194 | .050722 1135.86 57.613 1.01
17 399,232 .998167 | .051075 1135.86 58.014 1.02
18.0 399.221 .998140 | .051425 1135.86 58.412 1.03
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APPENDIX J
&

PARTICLE DIAMETER AND VELOCITY DIFFERENCE DETERMINATION

In order to determine the reason why differences in
centerline velocities occurred (under similar engine RPM
conditions, but with different measuring devices) a decision
was made to attempt to develop a mathematical method to
help explain these differences. The following method,
developed with the assistance of Capt. (Dr.) George Catalano
of the Air Force Flight Dynamics Laboratory, will be used
to determine how the size of the particles in the airstream
might affect the extent of velocity differences, as well
as how the velocity differences might be a function of

the upsiream expansions and contractions in the flow.

Up = particle velocity

Ua = air velocity

« = slope of the divergent or convergent section
x = the distance, in inches, from the beginning

of a divergent or convergent section to the

point of testing

Yy = viscosity of air
pb = density of the particles or dust in the air
D = the diameter of the particles
U0 =0_ -0
g p
K = 18 p
e D2




or

Force = Mass X Acceleration

4au

P = -
it K(Ug Up)

U = «X
g

d

Ix (Ug) - =— (U) = KU

becomes

or

or

as

let

now,

da d
Ug ax (Ug) - U 35 (U)

KU

du + KU - U g=0
ax 9 Tax

3
|
5
<
2
n
<
+
]
]
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dv _
(vx) (v + x E) + Ajvx - Ayx =0
12
vx© dv  _ _ -
Ix A2x Alvx v
QX - A2x - Alxv - XV
dx sz
av Ax - A, xv - xv2
XHE = 2 1
XV
2
or XQX - A2 - Alv - Vv
dx v
2
_ Ay, - AV - v
or 3V = 2 1
dx v
1l dx v
or * = 2= = — ——
x dv A2 Alv A%
1
= dx = v
X — — dv
A2 Alv v
log kx = .j‘A _VA Ty S\
2 1
- A4 dv
(v2 + A,v - A,)
1 2
log kx = - v
(v + AV - Az)‘fiv
2 A, .2 22 B
now, v + AlV - A2 = (V + 2_1 ) - _4__ .2._
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A.2
2 _ _ .2 "M
v+ Alv A2 = W - A2
@ let A32 = A12 +A,
i
2 2
v +.A1V - Ay =vw - A32 = (w + A3) (w - A3)
Gt T
ROWs (v% + AV - By) W+ By) (W - Ag)
)
let Al = Al'
2
1
Y w - Al — Cl + CZ
RO T = A5 (W + Ag) - ) v - Aj)
1
w - Al_ = Cl {(w -~ A3) + C2 (w + A3)
;§ = Cyw - CyAz + Cow + CyAq
¥
or w - Al = (Clw + Czw) - (ClA3 - C2A3)

w = Clw + C2w
cl+c2=1
[ ]
—Al—-—ClA3+C2A3
|
A
- 1
— ==C. + C
A3 1 2
]
A
1
-~ =Cc, -C
A3 1 2
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thus:
c,+Cy=1
]
_55 Cc - C = Al
20, =1+
1 A
3
j or
= '
: c, =% A
similarly, C, = 1 - Ay + Ry L 2By - Byt Ry
: 2A3 ZA3
23,
1 1
O A U i e SR aw
(w + A3) (w - A3) 2A3 (w + A3)
i
Tl Ry T H 1 dw
22\.3 (w -~ A3)
1 t
= Byt A gy + 2321 [ aw
2Ry Jw + By 2Ry (W = Bj)
1 - [}
= A, + A -
32 1l  1log (w + By * By "By 309 (w - A
Ay 2A3
1 |
thus, log kx = A, + By log (w + A,) * Ay - Ay log (w - A3)
- TR 2R,
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or kx= (w + A3) 2A

3
. A
now again, w =V + 1
2
s
Ay o él
2
2
2 = A + A
A3 —

2
2 1/2
s R R )
2 4
and a A 2 A 1/2
w - A3 = v+ 71~ (1 + 2)
2 2 .
‘ 4 Ay + By
1/2 5A
N A A 2 3
kx = v+ 71l o+ ( 1 +A)
2 - 21 '
A, - A
2 172 32A .
v+ﬁ—(A1 +A2) 3
2 VS
' 2 1/2
Ay + By (Al + Az) + By
2B, N 7
P4
2 (M1 4 a1/
i 2
) 2
- = -é 1 + 2
2 1/2
( Al + A2)
I
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similarly '

ap - o L 1~

A
1 A
% 1+ 2 = -zl 1+ —%
2 1/2 2 —_ 1/2
Ay + Bo 1 (A 2 4 an)
- 2 1 2
4
= 1 A
= 1 + 1
2 —_— 1/2
(Al ¥ 4A2)
similarly
L
Aymd - A
2A3 - E_ 1/2
(Al + 4A2)
& = B
z 1 A
< = b=y l + l l 2
now, kx = v+ M1 22 4 a 1/2 21{ (A2 4 %4, /')
= = 2 1 )
2 4
L 1/2(1 - 0B
2 1/2 (p 4 1
v M- 1T By A7+ 4Ry)
2 4
now, v= Y
X 1
- 1/2( 1+ —> 1,72
%;:; 1/2 (Al + 4A2)
& A A2 A
g 1
: 2 4
= i/21 1 -
£ 2 1 2 1/2
3 +
5 (1) xk Yy + |21~ (Al + A)Zx (3,7 + 43,)
: A l=""™
£ 2 4
§ now
z% P Al K
1 = - 2
4 AZ - «
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thus, eguation (1) becomes:

K
57 - 1/2 <,1 + )
* (x* + ao?y 172

. 1/2
{y+%[}<+(xz+4u2) ]x}

K
- = 1 2)
1/2 1/2( : (K® + 4 %) /

kiy+%[K-(K2+4e¢2) X
now, let 82 = K2 + 4o42
K .~ _ K
- 1/2 (1+ 8) 1/2 (1 S)

{wg'[ms}x} =k{y+§(x-e>3x

- X
1/2 (1= 3

fy+l[K—e x
or k= 2 12 L+ B
T En R
12 (1 -5
g+ k=zY+'2‘(K‘—B)% B
P .
% K
1 1/2 (1 + 3 )

L
b
e/

{Y*"Z'(K'*'B)

y=U

K
_ 1 1/2(1—-é)
k—U+§(K—B)X

N 1/2(1+*-§>
{U+§(K+B)Xz

: where

: U=0U_-1

g p

K= 18y

: D+

E %

g = (K2 + 4 2) 1/2
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Now, by selecting a value for D and a centerline
velocity difference, U, the value of X was determined.
Then, by using this constant K and varying the value of
D, the effect on the U was observed. It was noted that by
varying the D, little change in U was opserved except when
the values of D got to be larger than D - 3 x 10_cm. However,
it was observed that when the D was held constant and « was
changed, considerable change in U was observea. Here, the «
refers to the velocity change between two points in the
flow divided by the distance between the two points, where
the velocity change is due to an upstream contractior. or
expansion of the flow area. Table IX illustrates the change

in centerline velocity brought on by a change in « :

TABLE IX

VARIATION OF U WITH CHANGES IN «

Pgrticle « U
Dlamfger (sec™ 1) (ft/sec)

(x10 "m)

3.0 5 13.000
3.0 10 13.000
25 13.020
50 13.060
3.0 100 13.250
3.0 150 13.555
148 13.540
3.0 500 18.780
1000 33.560
3.0 1500 54.380
3.0 3000 140.485
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Referring to the table, for an « of 148, which

iy

actually exists from the venturi to Position #1, a velocity

4
L

difference of 13.54 ft/sec was calculated which corresponds
well to an actual velocity difference of 13.2 ft/sec. The
velocity difference of 13.2 ft/sec is the difference in
velocity between the Hot Wire and LV Systems for the

centerline of Position 1 at 50% Engine RPM.
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